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TIME-RESOLVED FLOWFIELD MEASUREMENTS IN A
TURBINE STAGE

by
JEFFREY LYNN HOLT

Submitted to the Department of Aeronautics and Astronautics
on June 3, 1985 in partfal fulfiliment of the
requifrements for the degree of Master of Science in

- Aeronautics and Astronautics

s

ABSTRACT

" Time-resolved flowfield measurements for a #.5-meter di-
ameter, high work transonic turbine have been completed n the
MIT Turbine Blowdown Facility (TBF). -The. measurements were
taken: to determine the blade~to-blade total temperature pro-
file for comparison with predictions from the Euler turbine
equation; to determine the effect of using time-averaged
pressures to calculate turbine performance; and to provide a
complete set of time-resolved turbine stage data. A prelimi-
nary objective éf -the worky (given a 6 kHz blade passing fre-
quency) was to deterimine the frequ}pgy{response characteris-
tics of the lnstrumentation-emp#oyoég\té make the flowfield
measurements. A shock tube was buflt for this purpose.

“The measurements were taken with high-frequency response
ftnstrumentation including a dual-hot-wire aspirating probe, a
four-way' angle probe, and two c¢qgbra head total pressure
probes incorporating stlfcon diaﬂ?agm pressure transducers
{Kulfte models XCQ-293 and XCQ-£62). The probes were positi-
oned #.5 axfal chord lengths downstream of the turbine mtidspan
and traversed circumferentfally. The properties measured i{n-
clude total temperature, total pressure, Mach number, and tan-
gential flow angle. Experiments were done at 125X, 104X and
80X corrected speeds.

The aspirating probe is found to have a natural frequency
of 15.5 kHz in the test gas with a damping ratio of #.36; the
angle probe a characteristic frequency of 45 kHz with a set-
tling time of 18 usec. Both results are satisfactory for ap-
plication In the TBF. The measured total temperature profile
shows a peak-to-peak variatfion of 65 C (20X) and a charac-

teristic frequency twice that of the blade passing frequency. -

The peak total temperature s out of phase with the peak total
pressure, and suggests hot wakes. The predicted temperature
profile, made with the Euler turbine equation and angle probe
data, vartes at the blade passing frequency only and (s more
in phase with the pressure. Further, it is DC shifted upward
20X from the measured profile. The error associated with
using the time-averaged pressure from a stanaard pitot probe
{Iinstead of the actual time-resolved signal) to calculate tur-
bine adiabatic efficiency is shown to be #.25X%X.

Thestis Supervisor: Dr. Alan H. Epstein
Title: Associate Professor of Aeronautics and Astronautics
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speed channels can be multiplexed onto 8 of the high speed
channels. Programmable multispeed <clocks control the data
sampling rate over the test time. During the test, the data
are stored in a 32 million byte solid state random access
memory. After the test, the data are transmitted to a DEC PDP
11779 for reducttion, analysis, and storage.

In summary, the TBF is a wversatile, rigorously scaled
vehicle for investigating the performance and flowfield
characteristics of large gas turbines. The factility s
particularly well sulted for the study of unsteady turbine
flowfield phenomena, especfally as outitned i{in the present
works' obJjective statement. The tnstrumention necessary to

investigate the turbine flowfleld are now discussed.

2.2 Instrumentation Description, Performance, and Calibratfon

The aspirating probe, angle probe, stlitcon diaphragm

pressure transducers, and instrumentation traverser are
discussed {In the following sections. The physics of
operation, performance characteristics, calibration

procedures, and data reduction schemes are addressed for each
probe. First, however, the temporal and spatfal resolution
aspects of the instrumentation are discussed relative to the
characteristic times and 1lengths assocfated with the test

turbine.

2.2.1 Instrumentatfon Spatial and Temperoral Resolution

Blade passing frequency of the test turbine in the TBF is
slightly higher than 6 kHz when operated at 108X corrected

PR et
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section Reynolds number. An argon-freon-12 gas mixture
(freon-12 mass fraction of 51X) s used as the facility test
gas and was chosen to accommodate turbine scaling. This test
gas possesses a low gas constant and therefore a
correspondingly low sonfic speed. As such, the design point
corrected speed (tip Mach number) can be achfeved with
relatively 1low mechanical . speeds. This tn turn lowers the
minimum frequency response requirements of the
fnstrumentation.

The design point corrected speed and mass flow for this
turbine are achifeved with inftfal supply tank conditions of
478 K temperature and 4.2 atm pressure. The f{nftial rotor
speed 1s approximately 109 rev/sec. Both the pressure and
temperature drop isentroplically as the supply tank ‘'blows
down® during the test, but the mechanical speed of the rotor
{s controlled by an eddy current brake to maintain the 109X
value of corrected speed. The eddy brake serves to absorb the
energy extracted from the flow by the turbine during the test.

Instrumentatfon access s provided by three 13 cm wide
windows spaced 129 degrees apart around the outer case of the
turbine. Each window extends from upstream of the vane row to
11 cm downstream of the rotor. A schematic of the test
section Indicating the location of the access ports {s shown
in Figure 2-2. The turbfne blade and vane dimensions are also
fndicated.

The TBF wutflizes a digital data acquisition system
designed for 199 high speed, 12 bit channels with maximum

sampling rates of 204 kHz per channel. Eight groups of 16 low
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CHAPTER 2
THE EXPERIMENT -~ FACILITY, INSTRUMENTATION, AND TECHNIQUE

A brief description of the Turbine Blowdown Facility (TBF) s
gfven 1n this chapter. Facility setup, the test turbine, and
the data acquisftion system are all addressed. The
instrumentation employed for the experiments, fncluding a
dual-hot~-wire aspirating probe, a four-pressure-transducer
angle probe, silfcon diaphragm pressure transducers, and a
probe traverser, are discussed 1{in detafl along with thelir
respective physics of operation, performance characteristics,
and calibrattion procedures. Finally, the facilicty operation

procedures and test techniques are reviewed.

2.1 The Facility, Test Turbtne, and Data Acqufisitfon System

The TBF iIs a short duration test facility presently
configured with a .5 m diameter high work, transonfc turbine
of Rolls-Royce Limited desfgn and manufacture. Figure 2-1 is
a schematic of this facility. The TBF rigorously simulates
actual turbine operating conditions over a test time of
approximately g.4 seconds. Design, construction and
operational aspects of the facllity are fully detafled in [1]
so only a few relevant characteristics are noted here.

The facility is essentially composed of a large supply
tank separated from the test turbine and dump tank by a fast
acting valve. The supply tank is heated by an o1l Jacket to
achieve the proper temperature ratios {n the test section.

The supply tank pressure is set to achieve the desired test
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the )iterature with emphasis on the three-dimensionality and
unsteady nature of the turbine flowfield. Features of the
turbine flowfield described above, as well as tne results of

the work outlined, will be referred to again throughout this

thesis.
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of the rotor airfoils and upstream vanes. In this regard,
they describe two flow regimes corresponding to ’'maximim
interaction’ or ’'minimum interaction’® betweem the rotor
leading edges and upstream vane wakes. In the case of max{imum
fnteraction, the vane wakes and rotor wakes are said to merge
with the consequence of leaving the blade passage uniform
except Tfor two strong secondary flow vortices. In the minimum
interaction case, the vane wakes are said to enter the blade
passage, thereby increasing its non-uniformity and masking to
some degree the secondary flow vortices.

In the paper above, a nondimens{i{onal parameter f{n the
form of a Strouhal number {s used to indicate the degree of

interaction between the vane and rotor flowfifeld, and will be

borrowed for wuse in Chapter 4, Thi{s parameter {s defined as
follows:
S = U bx [1.11
t Cx

where S {s a reduced frequency or Strouhal number, U the rotor
speed, t the vane gap, bx the rotor axfal chord, and Cx the
throughflow velocity. The term t/U {s a time scale associated
with the blade traversal of the upstream vane gap. The term
bx/Cx is a time scale assocfated with the passage of fluifd
through the rotor. The ratio of these terms, S, thus gives an
indication of the number of wupstream wakes 1{n the rotor
passage at any time.

In summary, the purpose of this section has been to give

a limited overview of recent turbine flowfield measurements in
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near the hub. The analyses presented {In these papers can
essentially be extended to wake <transport phenomena (n
turbines.

Binder et al. (6] employ a Laser-Two-Focus velocimeter
to make flowfield measurements and show that the wake fluid s
highly turbulent. Hodson [7] mounts hot wires on a turbine
rotor 1tself to measure the time dependent velocity fleld
within the rotor passage and concludes that the rotor

unsteadiness {n dominated by the convectfon of the wake fluid

through the rotor. Both papers tend to show that wake
generated unsteadiness, at Jleast at the midspan, can be
explained with the wake cutting and migration theories
mentfoned above. Oldfield and Doorly [B] show ¢that |In
addition to the wake, shock-wave passing can be a major source
of flow unsteadfness and may also affect the rotor exit
blade-to-blade proffle via the boundary layer. Their
Schlieren photographs f{ndicate the upstream wakes migrate to
the blade suction s{de as they pass through the blade row, as
predicted from the results of (41.

Finally, one of the most completa sets of ¢turbine
flowfield data s given by Sharma, Butler, Joslyn, and Dring
[9). They give profiles of turbulent energy, total pressure,
static pressure, absolute velocity magnitude, and radfal and
circumferential flow angle taken downstream of both the vane
and blade row. They show that the vane exit flowfield 1Is
steady but dominated by large Reynolds stresses {n the wake

regions. The rotor exit flowfield, In contrast, was found to

be highly unsteady and dependent upon the relative positioning
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It 1s clear from the discussion above that the turbine
flowfield is exceedingly complex. In this thests, however, we
are interested only in mapping the blade-to~blade flowfield
properties at the rotor exit midspan and, therefore,
unsteadiness assocfated with the wake should be the most
notable characteristic of the measurements. With this In
mind, some recent turbine and relevant compressor flowfield
measurements in the literature are now summarized.

The kinematic analysis presented by Kerrebrock and
Mtkolajczak [4) 1s a milestone toward understanding the effect
of upstream wakes on the flow {nside blade passages. They
develop the <concept of a ‘’slip velocity’ fn a transonic
compressor to show how the wake fluid does not mix with the
fnviscid core fluid but, rather, is transported relative to
the inviscid fluid as 1t s convected through the blade
passage. The result, which ts well supported by experiment,
{s a redistribution of stagnation enthalpy across the blade
passage and s characterized by an excess of total temperature
fn the stator wakes. This same phenomena, as shown in Figure
1-1, will occur {in a turbine except that the wake will be
transported toward the suction side of the airfoil rather than
the pressure side as in the compressor. Epstein and Ng (5]
have extended the analysis of (4] to i{include quasti-three
dimensional effects of the wakes. In particular, they show
that the relative flow angle s not necessarily unfiform
through the wake and this, coupled with the wakes

three-dimensionality, results in the rotor wake having a lower

total temperature near the tip and higher total temperature
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that fnclude full-stage flowfield measurements and to the best
of the author's knowledge, none which offer high-frequency
response temperature and pressure measurements. So
ostensibly, the temperature and pressure measurements given
later in this thesf{s are the first such published.

As a common theme, the published turbine data reveal a
flowfield dominated by secondary flows and unsteadiness, even
in the rotor frame of reference [{2]. The vartety of secondary
flow features serves as an example of this complexity:
horseshoe vortices, formed by the rolling up of the endwall
boundary layer at the leading edge of a turbine blade or vane;
passage vortices, which consist of a 1leg of the horseshoe
vortex that has migrated to the suction stde of the airfoil as
ft i{s convected through the passage; and corner vortices,
which rotate 1{in the opposite sense of the passage vortex and
are located always In the endwall/suction side corner of the
passage [3]. Additionally, there are tip vortices iIn the
rotor due to blade tip leakage plus the added influence of a
centrifigal body force,. Finally, separation bubbles are
common on both the vane and blade suction side at the airfotl
leading edge. Unsteadiness (s also typical of the turbine
stage and, in fact, one can show that for a given particle (n
isentopic flow the flow must be unsteady for the stagnatfon
enthalpy to change [2]. Hence, by their very nature, turbines
possess unsteady flowflelds. Summarized, turbine unsteadiness
{s assoclated with turbulence, potential field Interactions

between the blade rows, inlet profi{le from a combustor, and

wakes generated by both the vanes and blades.
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Measurements taken in this facility form the basis of the
effort described tn this thesis.

The objective of the work reported herein s to make
time-resolved measurements of flowfield properties in a
full-turbine stage. The measurements are taken: to determine
the blade-to~blade total temperature profile for comparison
with predictions from the Euler turbine equation; to
determine the effect of using time-averaged pressures to
calculate turbine performance; and to provide a new set of
time-resolved turbine stage data. The properties measured
include total temperature 1{n particular, along with total
pressure, static pressure, and radifal and tangentfal flow
angle. The measurements are time-resolved in the sense that
data are taken at rates high enough to distinguish the blade-
to-blade flowfield structure. To accomplish this objective,
the frequency response characteristics of the instrumentation
described above, primarily the dual-hot-wire aspirating probe
and angle probe, and their suftability for making turbtine
flowfield measurements are investigated. The scope s limited
to making measurements at three operating points: 125X, 199X,
and 80X corrected speeds with their respective corrected mass
flow conditions. The measurements are taken only at the rotor

midspan but with circumferential translation.

1.2 Background
There are an enormous number of papers {in the 1l{terature
describing both measured and predicted flowflield

characteristics Iin turbine cascades. But there are much fewer
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matched similarity parameters, and which utilfize high
frequency response {instrumentation, are much less common,
however. Flowfleld data from the latter factlit{es are very
1imited.

One such facility which rigorously simulates engine
conditions (with a simulation capability extending to 49 atm
inlet pressure and 2509 K turbine fnlet temperature) has been
recently developed, constructed, and tested at the
Massachusetts Institute of Technology [11]. This facility
operates as a short duration blowdown tunnel, having test
times of approximately #.4 seconds, and 1s configured with a
4.5 meter diameter, high work, transonic turbine designed and
manufactured by Rolls-Royce Limited. High-frequency response
instrumentation have also been developed and complement the
utilfty of the MIT blowdown facility. These include a
dual-ho;-wire aspirating probe which yfelds a simultaneous
measurement of flowfield total temperature and total pressure
fn the frequency range of DC to 21 kHz in atr, and an angle
probe incorporating four s{lfcon diaphragm pressure
transducers. The angle probe provides measurements of
flowfield static pressure, total pressure and radfal and
circumferential flow angle and has a frequency response of DC
to 45 kHz. Independent measures of total pressure can be made
with cobra head 1Impact probes. Together, the MIT blowdown
facility coupled with the high-frequency response
fnstrumentation provide a flexible vehicle for fnvestigating
the complex flowfleld of aircraft gas turbines and extending

the Timited pool of turbfne flowfleld fnformation.
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CHAPTER 1
i THE INTRODUCTION -- OBJECTIVE, SCOPE, AND BACKGROUND
" This thesis deals with making time-resolved flowfield

measyrements in a full gas turbine stage. Properties measured
3 fnclude total temperature, total pressureo, static pressure,
Mach number, and tangentifal flow angle. In this Chapter, some
motivation and background for the measurements are given. In

Chapter 2, the test vehicle employed for the measurements, the

MIT Turbine Blowdown Facility, and its high-frequency response
ftnstrumentation are described. Chapter 3 gives the design and
operating procedures for a shock tube facility constructed to
measure the frequency response characteristics of the
fnstrumentation employed for the turbine measurements. In
Chapter 4, the measurements taken in the turbine facility are
presented and briefly analyzed. And finally, in Chapter 6,

conclusions from the work accomplished are summarized.

1.1 Thesis Objective and Scope

The aircraft high pressure turbine flowfleld is
characteristically three-dimensional, unsteady, and
compressible, hence making 1t exceedingly difficult to
describe analytically. Accordingly, to refine performance or

empirfcize design codes, the turbine designer must rely on

exper iments to determine the structure of this spatfally

non-uniform flowfield. Turbine cascade data are relatively
; abundant since facility costs are low and the flowfield is
benfgn compared to actual turbine operating environments.

3 Faciifties employing full-stage test turbines with rigorously
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w - frequency fn Hertz
wn ~ undamped natural frequency in Hertz
X -~ mole fraction
X ~ ellipse coordinate
y -~ ellipse coordinate
2 ~ damping ratio
Greek
n ~ turbine adiabatic efficiency
H - test gas viscosity
P - density
b - ratio of specific heats
6 ~ abolute frame of reference
8 - relative frame of reference

Superscript

- reference variable, fncompressible variable

Subscript

1 - ffirst component of binary gas mixture, angle
probe transducer |

-~ second component of binary gas mixture, angle

probe transducer 2

turbine inlet station, angle probe transducer 3

turbine exit station, angle probe transducer 4

refers to freestream value

refers to local value

tangential direction

refers to static condfitions

refers to total condfitions
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LIST OF SYMBOLS
A - ellipse semi-major axis; second order fnstrument
response to step input, zero to final value
a - King's Law coefficient; second order {instrument

response to step fnput, final value to peak value

ac - aspirating probe channel area

a* - aspirating probe choked orifice area

B - ellipse semi-minor axis

b ~ King's Law coefficlient

b x - rotor axial chord

C - aspirating probe calibration coefficient; sonic
speed based on ambient conditions

cp - angle probe coefficient

Cx - rotor throughflow velocity

cp - specific heat at constant pressure

D - aspirating probe calibratfon coefficient;
derivative with respect to time, d /dt

d - hot wire diameter

e - temperature coefficient of resistance

F - angle probe coefficient

f - undamped natural frequency in Hertz

H - angle probe coefficlient

K - statfc sensitivity of second order {instrument

KP - angle probe coefficient

k - test gas thermal conductivity; summation index

L - aspirating probe channel length

1 - hot wire length

M - molecular weight; Mach number

Ma - absolute frame Mach number

Mr - relative frame Mach number

N - aspirating probe calibratfion exponent

NC - corrected speed

Nu - Nusselt number

n - King's Law exponent; summation fndex

P - pressure

Pavg - direct time-averaged pressure

Pbar - probe averaged pressure

Q - internal angle of ellipse

ql - 1{nput quantity of second order system

qd - output quantity of second order system

R - Gas constant

Re - hot wire cold resistance

Re - Reynolds number

Rh - hot wire hot resistance, same as Rw

Rs - anemometer series resi{stance

Rw - hot wire operating resistance

r - hot wire recovery factor; turbine radius

S - reduced frequency or Strouhal number

T - temperature; period of oscillation

Tw - hot wire temperature

t - vane gap

U - rotor speed, fluid velocity

v -~ anemometer bridge output voltage; absolute frame

velocity
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speed. The wakes generated by turbine blades are thin, being
on the order of twice the blade trafling edge thickness. In
fact, data obtained by Joslyn, Dring and Sharma [9] suggest
turbine blade wakes occupy less than 18X of the rotor blade
spacing. Accordingly, to measure flowfield property
varfations {n the regtfon of the wake (or fn some similarly
small region where property gradfents are large) the
instrumentation employed must have frequency responses well
above the blade passing frequency. In the present case, a
frequency response of something greater than 6 kHz is the
bottom 1imit for distinguishing blade-to-blade vartfations
while ten times 6 KkHz {§s necessary to distinguish property
variations through a wake. Hence the temporal resolution of
the 1instrumentatfon wused s a critfcal ftem which one must
reliably determine. For these reasons, a shock tube facility
was designed and constructed to Investigate the frequency
response characteristics of the instrumentatfon used 1{in the
TBF. The shock tube desfgn and operating procedures along
with test results for the aspirating probe and angle probe are
presented fn Chapter 3.

Likewise, the spatial resolution of the Instrumentatfon
is critical since their characteristic dimensfons are
essentially the dimensions of the smallest flowfiaeld structure
measureable by that {nstrumentatfon. And as mentioned above,
length scales assocfated with the blade-to-blade flowfield
structure are relatively small, especially Iin the region of
the wake. We would therefore 1{ke very small sensors and

probes. The sfze of +the aspirating probe and angle probe
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relative to the TBF turbine blades and vanes are shown fn
Figure 2-3. The blade trailing edge span is 48.4 mm, the

blade spacing is 27.9 mm, and trafiling edge thickness s

By . AR 2 P
'1"" LI N

approximately g.8 mm. The corresponding characteristic
lengths of the aspirating probe and angle probe are 3.4 mm and
3.3 mm respectively,. Since turbine wake thicknesses are on
the order of twice the trailing edge thickness, we cannot
distinguish {nternal wake flow structure with the probes at

hand. We can however distinguish blade-to-blade structure

since both probes occupy only 11X, or less, of the blade
spacing. From here on we shall consider each probes spatial

resolution acceptable for making measurements {n the TBF.

2.2.2 The Duai-Hot-Wire Aspirating Probe

The aspirating probe provides a simultaneous measurement
of total pressure and total temperature fn an unsteady
compressible flowfield. This probe, shc/mn In Figure 2-4, was
developed to finvestigate the unsteady flowfield downstream of
a transonfc fan [18]1 and has the advantage of high frequency
response. [ts development and full descriptfon are detafled
in [111. Application of the aspirating probe to a turbine
environment s a direct extension of its previous employment
in a transonic compressor; however, certain aspects of the
probe’'s performance differ between the two applications. 1In
particular, the probe’'s resolution and frequency response are
different. These differences stem from the varying test gases
and flow conditions encountered with the respective component

test facllities, along with chofice of hot wire dimensions.
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The aspirating probe as configured for application fn the TBF

s
o

fs now described along with a review of 1ts operating
- principles. Subsequently, the probe's performance
characteristics, caiibration procedures and results, and data

reduction procedures are gtiven.

2.2.2.1 Description and Physics of Operation

A complete descriptfon of the aspirating probe fs given
in [11] but s summarized here for reference. The aspirating
probe consists essentially of two coplanar hot wires placed in
a 1.5 mm diameter constant cross-secttonal area channel, as
fndicated in Figure 2-4. The convergent exit of the channel
leads to a vacuum source and s choked during probe operation.
The two hot wires are set at di{fferent overheat ratios, and
hence different wire temperatures, and in this mode allow the
simultaneous measurement of both total temperature and total
pressure, as will be shown. A total pressure impact probe
incorporating a Kulite XCQ-993 silfcon dtaphragm pressure
transducer 1s 1iInstalled ’'piggyback’' to the aspirating probe.
The pressure transducer gfves a redundant measure of total
pressure and allows for separate measures of total temperature
from each hot wire., The pressure transducer has the added
benefit of reducing the probe’'s measurement uncertafnty but at
the expense of reduced longftudinal spatial resolutfon (1113,
The hot wires themselves are made from platinum plated
tungsten with the sensing length defined by copper plating.
The wires are soldered in place using multicore solder beads.

Care is taken to ensure the wires are taut and as close to the
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center ‘of the channel as possible., A typfcal wire separation
distance Is 250 um. Typical wire dimensions are 1.27 mm In
length and 6.1 um n diameter. The hot wires are operated
with standard TSI1-1859 constant temperature anemometers.

The classical governing equation for the anemometer

bridge voltage of a constant temperature hot wire 1s:

y? - [Re+Rwl 7 1k N (2.11
(Tw - r T1 Rw
where V ts the bridge output voltage, Tw the hot wire
temperature, r the wire recovery factor, Rs the anemometer
resistance Iin series with the hot wire, Rw’the wire operating
resistance, 1 the wire length, k the fluid thermal
conductivity, and Nu the Nusselt number. This equation
appltes only when the hot wire is operated in a gas of uniform
composition, The Nusselt number 1s a function of many fluld
and wire properties ([12], but s often expressed in the
following form as a function of the hot wire Reynolds Number

only:

Nu = a(Re‘)"*'b £2.21

The coefficlents of this equation, which is often referred to
as King's Law, are determined by calibration. Since the
channel of the aspirating probe is choked, we& may represent

the channel mass flux as a function of the fluid properties,

total pressure, total temperature, and ratlo of

sonic-to-channel area ratfo at the hot wire plane:

...................................
............................................

............
.....
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41

ﬁ' \[_(,—fr) 2(A1) [2.31

i The corresponding Reynolds number {s then given by:

Re, = ‘d'[f'" Ax r( % ”] [2.4]

where d is the wire diameter, p the fluid viscosity, P the

total pressure, T the total temperature, A* the choked exit

AN gy DRI

area, Ac the wire plane channel area, y the fluid ratfo of
- specific heats, and R the fluid gas constant. Finally, we may
ii combine Equations 2.1, 2.2, and 2.4 to yield the governing

equaﬁion for the aspirating probe:

. 2 M1 N
_v*  =[RssRw] m 1 k)a d[p a*rim + bl r2.5]
[Tw - r T1 Rw PINT Ac JR +

which can be reduced to the following form.

2

N
f?;_¥_F_?3 = C (#%) + D f2.61

Equation 2.6 applies when the probe geometry and gas
composition are fixed. By operating the ¢two wires at
different overheat ratios in separate anemometer circuits, two

forms of Equation 2.6 are obtained from which we may determine

.........................
........
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the unknown total pressure and total temperature. The
coeffictients c and D are found by calibration and,
unfortunately, are a function of gas temperature. This
functional relattonship s driven by the sensitivity of the
test gas viscosity and thermal conductivity ¢to temperature.
This character{stic of the aspirating probe 1{s discussed
further {n Sectfon 2.2.2.3.

The influence of the hot wire properties on the probe
output voltage s evidenced by Equation 2.5. In particular,
fncreasing wire resistance, length, and diameter all tend to
increase the anemometer output voltage. The net effect {s
generally improved resoiution. This aspect of the aspirating
probe along with {ts other performance characteristics are now

considered.

2.2.2.2 Performance Characteristics

As 1{indicated above, the hot wire characteristics
fncluding length, difameter, and resistance dictate the
aspirating probe output voltage for a given gas. Nominal wire
conditions of 1.27 mm length, 5.1 um diameter, and 3.8 Ohms
resistance give a temperature sensitivity of 12.5 mv/C at £.86
atm and an overheat ratio of 1.8. At an overheat ratio of
2.8, the temperature sensitivity {s 10.1 mv/C at #.86 atm. At
a temperature of 350 K, the probe’s sensitivity to pressure is
.88 V/atm at an overheat ratfio of 1.8 and 1.8 V/atm at an
overheat ratfio of 2.4. These sensivities apply to an
argon-freon-12 mixture typfcal of that used in the TBF and,

further, the pressure of §.86 atm and temperature of 350 K are
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characteristic of the flowfield downstream of the factlity’s

l turbine.

. The hot wires are operated with two separate TSI-1059
E' constant temperature anemometers. The noise levels are
' typically on the order of 2 mv peak-to-peak. The

analog-to-digital converter employed has a resolution of 2.5
mv, and as such, sets the probe resolution at approximately
#.2 C in temperature and 0@.983 atm (n pressure. An error
i analysis at 1 atm and 299 K gtves a pressure uncertainty of
2.4X and a temperature uncertainty of #.4X (1.2C) when data
are reduced with 1 wire and the pressure transducer (281. For

operation in dynamic flowflields, angle effects are negligible

- VY

below 15 degrees and the response is symmetric about the probe
axis [111. Finally, for the TBF test gas, the aspirating
probe natural frequency is 15.46 kHz with a damping ratfo of
g.36. The determination of frequency response {s detailed In

Chapter 3.

2.2.2.3 Calibration Procedures and Results

The aspirating probe s calibrated agaftnst temperature
and pressure {n an argon-freon-12 gas mixture with a freon
mass fractfon of approximately .51 X. The temperatures and
pressures surveyed Include the operating range of the test
turbine. The calibrations are accomplished in the TBF supply
tank. Ideally, we would 1i{ke to calibrate the probe while
fmmersed in a steady flow (or well characterized dynamic flow)
but no faciltty for accomplishing this type of calibratfon was
available. The static caltfbratfon (s fully acceptable,
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though, given the high frequency response of the probe.

The coefficients C and D are determined from a
least~squares linear regression of Equation 2.6, resubmitted
below, for a set of voltage and pressure pairs at a constant

calibration temperature and hot wire overheat ratto.

2

N
fT;—g—?—Tﬁ = C(T%a + D [2.61

The exponent, N, is chosen and kept constant for the curve
fit. Iteratfon gfves a value of N, wusually around 2.3,
yielding the lowest standard devfation versus the calibration
data. Typical wvalues for the aspfrating probe coeffi{cients
are given for two hot wire overheat rattos i{n Table 2~-1 below.

Hot wire properties and dimensions are also indicated.

Overheat Ratfo 1.89 2.08
C (T**{N/2~-1) V**2 / pwwN] #.3115 #.2752
D [v=*2 / T1 -9.8231 ~9.0226
N .39 g.30
Calibration Gas - Argon Freon-12 mixture with
Freon mass fraction of 4.51X%

Wire Material - Platinum coated Tungsten
Wire Temperature, Tw [K1] 491.1 539.4
Wire Length, L {MM] 1.27 1.27
Wire Diameter, D LuMl 5.19 5.19
Temperature Coefficient of

Resistance, a [OHMS/C1 g.994 a.904

- . - - P - . - D R S ML D S Gm S S A e @S G R ED W ML D L SR GR W AR R D R SN RS SR e @ W e e . -

T - Temperature in Kelvin
P -~ Pressure in Atmospheres
V ~ Volts

- - e e S D S e . D R A P S D AR AR T e D M L G = D e G R WD D D D D S G SE wn Sm e e W e W

Table 2-1: Aspirating Probe Calibration Coafficients
Versus Hot Wire Overheat Ratio
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The gas mixture kinemati{c viscostity, T and thermal
conductivity, k, are both functions of temperature and thus
have the unfortunate effect of making C and D functions of
temperature as well. The functional relatfonships between C
and D and the fluid properites are clear from Equation 2.5.
From Collis and Williams [131, the fluid properties take on
values commensurate with the average of the freestream gas
temperature and the hot wire operating temperature. This
explains the varfation of coefficients C and D with overheat
ratio, and hence wire temperature, tn Table 2-1. As long as
the overheat ratfo 1{s kept constant, though, the wire
temperature effect is not a problem. The coefficient
sensitivity to the freestream gas temperature on the other
hand {s a problem since it is this temperature that we wish to
measure. Accordingly, the coefficients must be corrected for
flufd property varfations with temperature.

Figures 2-5 A and B show calibration curves for the
aspirating probe at overheat ratios of 1.8 and 2.9
respectively. Two sets of caltbration data are shown on each
figure for gas freestream temperatures of 321.7 K and 349.5 K.
The data taken at 321.7 K, indicated by the squares, are curve
fitted to Equatfon 2-6 yfelding the coefficlents shown. For
purposes of jllustration, these same coefficients along with
Equation 2.9 are used to predfict the second set of calibration
data taken at 349.5 K, indicated by the trfangles. For both
overheat rattos the standard deviation ({ncreases from

approximately #.3 C in the curve fitted case to 4.9 C {n the
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predicted case.

Presumably, we can improve the prediction by accounttng
for the effects of freestream temperature on the gas mixture
viscosity and thermal conductivity. Such corrections would
take the following form where the primed variables indicate

reference values.

cC=c' Kk [q [2.7]
& V]

D =D Kk [(2.81]
k'

Note we may use this same approach to correct for changes fin
the wire characteristics l{ke resistance, length, and
dfameter. These corrections are straightforward and not
addressed further.

As previously noted, the fluid properties are evaluated
at the average of the freestream temperature and hot wire
operating temperature. Values for the kinematic viscosity and
thermal conductivity are taken from (141 for argon and (151
for freon-12. The empirical correlation proposed by
Buddenberg and Wilke [16), developed to predict the constants
in the Sutherland-Thiesen equation for binary gas mixtures, is
used to determine the properties of the argon-freon-12 test
gas mixture. This correlation is shown below for the test gas

mixture's thermal conducttvity; the same correlation applies

for kinemattc viscosity.
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k mix = k1 + k2 [2.91
1 + X2 Q12 1 + X1 Q21
XT XZ
where L, b2
1 +lkl] M2
Q12 = k2 M1 (2.191
8 + 8 Ml
M2
b sy
1 o+fk2] ML
Q21 = k1 M2 (2.111
8 + 8 M2
MT

In the equations above, | and 2 refer to each component of the
binary mixture with X representing mole fraction and M
molecular wealight,

Applying the corrections above results In a much improved
prediction of the calibration data as is shown fn F'gures 2-5
C and D. These data are the same as discussed previously. In
each case, the standard deviation of the predicted data is of
the order of the curve fitted data. Clearly, the method for
correcting the aspirating probe calibratton coefficlients
works. Hence, using some {teration scheme to find C and D as
functions of temperature relative to the calibration data, we
may solvé for both tota) temperature and total pressure in the
turbine flowfileld. The aspirating probe data reduction
procedures, including this {teration scheme, are addressed 1In

the following section.
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2.2.2.4 Data Reduction Procedures

The three analog signals from the two hot wires and one
total pressure probe are digitized during the test and
subsequently stored on hard disk in a PDP 11/79 computer. The
sflicon diaphragm pressure transducers provide good measures
of total pressure so we are primarily interested in measuring
total temperature with the aspfirating probe. There are two
approaches to reducing the data.

The first approach utilfizes the total pressure
measurement made with the 'piggybacked’ pressure transducer,
The pressures measured by the attached probe and voltage from
either wire 1{s wused ¢to calculate temperature from Equation
2-6. For this calculation, the exponent N {s chosen based on
experience with the calibration data. A simple secant-type
fteratfon scheme s then employed to solve for temperature
while including the effects of the temperature on the
coefficients C and D [171]. The value of tungsten’'s
temperature coefficient of resistance, e, {s Input to

calculate the wire temperature with the equation below:

Rh = Overheat Ratio
Rc

= 1 + e (Tw-r T} [(2.121

where Rh is the hot wire operating resistance, Rc the hot wire
cold resistance, Tw the wire temperature, r the flufid recovery
factor, and T the fluid temperature. Both the wire overheat

ratio and recovery factor are ({nput. For thin wires the
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recovery factor, r, is always greater than #.98 [12].

The second approach utilizes both wires to find
temperature; the pressure transducer s not wused. This
approach takes advantage of the coefficient correctfon scheme
addressed {in the previous section. Based on the calibration
data, curves of bridge output voltage for both wires «can be
constructed versus temperature and pressure as shown {n Figure
2-6. Using the numerifcal equivalent of this grid and a simple
fnterpolation routine, we can estimate the flowfield

temperature given the voltage signals from the two hot wires.

2.2.3 The Four-Pressure-Transducer Angle Probe

The angle probe {s a hfgh-frequency response {nstrument
which provides measurements of total pressure, static
pressure, Mach number, and radfal and tangential flow angles,
and 18 shown 1{in Figure 2-7. As with the aspirating probe,
this probe was designed and constructed to Investigate the
flowfield downstream of a transonic compressor [10]. The
original angle probe was spherical in shape and included five
silicon pressure transducers from which the flowfield data
were retrieved (181(19]. Subsequent designs fncorporated four
pressure transducers, instead of five, mounted on an
elliptical stem. The later probas utilize water cooling to
improve their temperature stability. The probe used in the
present case 1{s one of the latter designs and s now

described. In addftion, the probe’s performance

characteristics, calibration procedures and results, and data

reduction procedures are presented.
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2.2.3.1 Description and Physics of Operation

The angle probe consists of four silicon diaphragm
pressure transducers located on an elliptical stem as shown iIn
Figure 2-7. The transducers utflized are Kulite model XCQ-293
with abolute pressure reference, and are numbered on the
figure for reference. Transducers 2 and 3 are offset from the
center transducer by 45 degrees while transducer 4 s placed
flat on the probe tip. The tip, as shown, is also set at a 45
degree angle. Cooling water is supplied through the base of
the probe and <circulated around the backside of the
transducers, thus enhancing their thermal stability.

As was done with the spherfcal probe [19], we may define
coefficients based wupon the four pressures measured by the

angle probe. These are:

F23 = P2 - P3 [2.131
(P2-P1) + (P3-P1)

H23 = Pt - [2.14]
1) +

Ps
(P2-P (P3-P1)

Kp2 = P2 - Ps [2.151]
(P2-P1) + (P3-P1)

KP3 = - Ps {2.161

P3
(PZ-PT) + (P3-P1)

CP1 = Pl - Ps (2.171
Pt - Ps

CP4 = P4 - Ps (2.18]
Pt - Ps
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and results given. Finally, measurements taken 1{in the TBF
coupled with their brief analysis are presented.
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traverse velocity by the 364 ms point. The full traverse
takes place over approximately 129 ms.

All the probes described above operate throughout the
full test ¢time with the exception of the aspirating probe.
This probe’s hot wires handle dynamic gas loads well but not
particulates 1n the test gas. The wires are susceptible to
particulate deposits which may weaken the wires or otherwise
fnvalidate their calibrations. Though the facility test gas
{s considered clean, care is taken to operats the probe’'s
suction only for the test time {(note the wires are left on
continuously). A small pneumatically actfvated fast acting
valve is used for this purpose. The valve is spliced Into the
flexible hose connecting the aspirating probe to a small
mechanical vacuum pump. The valve is opened at 150 ms and
flow through the probe s immediately established. The valve
closes 199 ms later but it takes approximately 4 seconds for
the flow Iinto the aspirating probe to stop. The probe does
not wunchoke wuntil the 1 second pofint, well after the test
time. By this method, dangers to the aspirating probe’'s hot
wires are minimized.

In summary, we have reviewed the TBF setup and operating
procedures, paying particular attention to the operattion of
the aspirating probe. Elsewhere 1in this chapter, the TBF
facility, turbine, and data acquisition system have been
described. The various probes and probe traverser, along with
their descriptions and modes of operation, have also been

addressed. In the following chapters, a shock tube facility

for measuring instrumentation frequency response {s described
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o1l through the flow control valve and against the drive
piston. The magnitude and steadiness of the piston velocity
is controlled by both the gas cylinder pressure and control
valve setting. The probes are attached directly to the drive
piston. The travel of the device is 60 mm and takes place
nominally iin #@.]1 seconds. A typical traverse is depicted in

Figure 4-1.

2.3 Facilfty Operation Procedures and Experimental Technique

Operation of the TBF 1is now reviewed. A more detaliled
discussion of the facilities operating procedures are gfven in
€(11. Once the f{Instrumentation required for a test is
fnstalied, the valve 1{s closed between the supply and dump
tanks and both are evacuated (<#.1 torr). The supply tank s
then heated to the desired temperature, typically 478 K. The
heating is done slowly to ensure thermal equflibrium. Once at
temperature, the supply ¢tank 1is filled with the test gas
mixture of argon-freon-12 to the desired pressure, typfcally
4,2 atm. The gas assumes the supply tank temperature by the
end of the f111. Finally, the rotor, which s stil] in
vacuum, is brought up to speed by a small electric motor.
When the desired initfal rotor speed is achieved, the valve
and eddy current brake are simultaneously triggered and flow
of the test gas from the supply tank is established.

The high-speed data acquisition phase begins at
approximately 250 ms finto the test, by which time the
flowfleld s fully established, and lasts 1900 ms. The

traverser is activated at 269 ms and achieves a constant
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transducers which are normally referenced to wvacuum.
Calibrations are performed immediately before and after each
test by alternating the reference pressure from vacuum to

atmosphere.

2.2.5 The Traverser Mechanism

Short test times characterisitic of the TBF complfcate
the radfal and circumferentfal traversal of instrumentation
during a test. The traversal must be timed to occur during
the high-speed data acquisition phase and, preferably, take
place with constant velocity to facilitate data reduction.
Cao [(24] designed and constructed such a traverser for use in
the TBF; it is detatled {n Figure 2-13. The traverser can
move probes both circumferentfally and radfally downstream of
efther the rotor or vane row. Circumferential traverses alone
were utilized 1n the present set of experiments so only this
function of the traverser 1s described.

The circumferential traversing mechanism has as its
essential component a hydraulically driven piston. The
device's high pressure cylinder {s charged with argon (or
other gas) to approximately 21 atmospheres. This cylinder, by
way of a solenoid valve, is connected to an o011 cylinder.
This In turn is connected to the device’s drive piston through
a flow control valve (used to mafintain constant linear
velocity. A Ttnear differenttal varfable transformer (LDVT)
attached to the piston is used to fndicate position.

Actuation of the device occurs when the solenoid valve (s

triggered, thus allowing the high pressure gas to force the
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The scheme then corrects theta and phi for a new Mach number
calculated from the new static pressure and total pressure
calculated from Equation 2.25, The coefficients H23, CPl, and
KP2 (or KP3) are subsequently updated and the scheme continues
until convergence of the static pressure s achlfeved. Upon
convergence the Mach number {s re-calculated based upon the
test gas ratio of specific heats as previously indicated. The
final values of the current {teratfon are then stored and used
as inftial guesses for the follow~on data set. Typically,

five fteratfons are required before convergence is achieved.

2.2.4 The Silicon Diaphragm Total Pressure Transducers

Two silfcon dtaphragm pressure transducers, Kulite models
XCQ-2493 and XCQ-262, provide high-frequency total pressure
measurements. The XCQ-#93 1s carried ptggyback with the
aspirating probe and s similar to the ones used in the angle
probe. With a diameter of approximately 1.6 mm (9.9832
inches), the XCQ-862 subminiature pressure transducer {s the
smallest Kulite pressure transducer available providing both
static and dynamic flowfteld measurements. The XCQ-#62 has a
natural frequency in excess of 504 kHz and has an operating
temperature range of -55 C to 120 C. 1Its nominal sensitivity
is 26.5 mv/atm. Both transducers are constructed similarly to
pitot probes with cobra head desfgns, as shown in Figure 2-4
for the XCGQ-093. Each transducer diaphragm s recessed
approximately one dfameter from the cobra head entrance to
negate the probe's sensitivity to flow angle varfations {n the

+20 degree range. Both total pressure probes use differential




gt aanis e ) 4

PAGE 46

the tangential angle, theta, is found by linear interpolation.
Infttal guesses for the total and static pressure are made
with Pl taken as the total pressure and the lesser of P2 and
P3 as the static pressure. From these an ‘'air equivalent’
Mach number 1s calculated using the {sentropic pressure ratio
relation. The term air equivalent is used to 1{indicate that
the Mach number s based on afr’'s value of the rattfo of
specific heats since the calfbrations were done {n afir. Upon
convergence of the ({teration scheme, the true value of the
Mach number based upon the test gas properties is found. The
next coefficient <calculated 1{is CP4 which in turn 1s used to
find phi as a function of theta. Having 1inittal values for
Mach number, theta, and phi the coefficients H23, CPl, and KP2
(or KP3 depending on which of P2 or P3 was used as an finitial
guess for statlc pressure) are determined by iInterpolation.
The static and total pressures are then calculated with the

following relations based upon the coefficient definitions:

Ps = P2,3 - P2P3 KP2,3 [2.24]
Pt = Ps + H (1-CP1) P2P3 £2.251
where P2P3 = (P2-P1l) + (P3-P1) {2.261

If the static pressure calculated from Equatfon 2.24 differs
from the inital assumed static pressure, a new value of static
pressure is chosen. This new value of static pressure s

taken as the average of the assumed and calculated pressures.
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test flowfield. Coeffictent F23 1s least sensitive to the
radial angle showing virtually no effect until theta reaches +
29 degrees. The rematning coefficients show consistant but
only moderate reactions to phi.

In summary, the calfbration results are supported by the
simple prediction model detai{led above. It 1s clear, however,
that the angle probe’'s unique geometry fnfluences the
calibration coefficients. It s noted that the pneumatic
model of the angle probe used for the calibrations s
suppossed to be an accur-ate replica of the {nstrument used in
the TBF. If varfations exist, the calibration data may not be
fully applicable. Unfortunately, comparative calibrations
were not accomplished. The geometry related aspects of the

angle probe are I{important and, accordingly, are included fn

the data reduction schemes. These are now addressed.

2.2.3.4 Data Reduction Procedures

The angle probe ylelds a rather complex set of
coefficlients i{influenced both by the flowfield and probe
geometry, as was seen in the calibration section. The data
reduction scheme outlined below has been used for both the
original spherfcal probe and earlier four-transducer models.
It relfes heavily upon linear fnterpolation and, thus, all of
the geometry related nuances of the calfbration data are
retained. The procedure for the current probe and most of the
data reduction software has been developed by Gertz (231, and
i{s summarized in Figure 2-12.

The scheme begins with the calculatfon of F23 from which
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since In each case the coefficients vary consistantly with the
progression of the two {ndependent parameters. The peculiar
‘bumps’® and shifts fn the curves are taken to be associated
with the unique geometry of the angle probe and are accounted
for in the data reduction schemes.

Angle probe coefficients F23, H23, KP2, CPl, and CP4 are
depicted fn Figures 2-18A through 2-18JE versus tangential
angle for Mach numbers of .35, .5, #&.6, and #2.85. The
calibratfon data were taken for z2ero radial angle.
Coefficient F23 s relatively unaffected by Mach number except
in the +8 degree regions. The 'bumps’ at these locations are
not born out by the flowfield prediction and are most likely
tfed f{nto the probe geometry. Coeffictient H 1s strongly
affected by Mach number via the total pressure, as expected.
Coefficient KP2 (as well as KP3) is also strongly affected
and, as seen with F23, shows a peculfar anomaly at -8 degrees
which becomes more pronounced with decreasing Mach number.
Again, this {s most l1ikely associfated with the placement of
the pressure transducer on the probe shaft and its attendant
flat face. KP3, though not shown, exhibits the same behavior
as KP2.

The same angle probe coefficients as above are depicted
fn Figures 2-11A through 2-11E versus tangentfal angle. For
these coefficients, the Mach number i{s set at #@.6 and the
radfial angle 1s varied from -19 degrees to +19 degrees in §
degree increments. Coefficient CP4 {s strongly affected by

the radfal angle vartfation and, as discussed in the data

reduction section, is key to retrieving this property of the
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to the expected turbine midspan exit Mach number. The
prediction and data agree well considering the difference in
the actual probe geometry and that of an fdeal two-dimensfonal
elliptical cylinder. In particular, the transducer faces on
the angle probe are flat and thus maintatn a higher stagnatfon
pressure than would an ideal ellipse at the same locattion.
This is evidenced by CPl where the calibration data s
consistantly higher than the prediction. This coefficient’'s
insensitivity to theta values In the + 5 degree range s
clear. Likewise, the data and predictions for CP2 and CP3 are
of the same form as CPl but offset by the +transducer
separation angles of +45 degrees from center. Coefficient F23
{s determined from Pl, P2, and P3 1Iin such a way that the
difference in the calibration data and prediction s
nullified, resulting in a suprisingly good fit. Coefficents
H23 and KP2, unlike F23, finclude the freestream static
pressure in their definitfons and th?refore show a dtfference
beteen the measured and predicted cases. For both
coefficients the data are Jlower than the predictions but
clearly show 1identical trends. The difference can be traced
to the larger values of Pl, P2 and P3 used to normalize the
coefficientﬁ. KP3, the mirror image of KP2, exhibits the same
behavior as KP2. Based on these results, the method for
caltbrating the probe {n the freejet is deemed acceptable.
This being the case, the effects of Mach number and radfal
angle on the angle probe coefficients are now shown. These

calfbration data are presented to {llustrate the effects of

Mach number and radial angle; only brief remarks are made
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these veloclities, we can solve for the local Mach number, Mn,

given the freestream Mach number, Mi, as follows:

2 2

8 Mn® e [2.22)

. (¢ R Tn)

K uny’
- n

;j Tl T - s

Finally, we may solve for the local static-to-total pressure

ratio wusing the standard (sentropic form as a function of

local Mach number:

%n - [1+ -1 M#] (2.231
t 2

Thus wa can determine the 1local static pressure at each
transducer locatlon and, except for CP4, predict all the angle
probe coefficlents once the freestream Mach number and
tangential flow angle, theta, are specified and the radial
angle, phi, Is set at zero.

Measured and predicted angle probe coefficients F23, H23,
KP2, CP1l, CP2, and CP3 for a Mach number of #.6 and zero
radtal angle are shown in Figures 2-9A through 2-9F. This

Mach number was chosen for the predictions since it 1s close

e e aad
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range of caltbration Mach numbers (s ©8.35 to £.85 so
compressibility effects should be constdered. Ffor this case
we can apply a subsonfic Prandtli-Glauert correction as follows

i where the primed variables apply to the tIncompressible case

(221

2
B . B® 1-M [2.291
l ’

Applying this correctfon to Equatfon 2.19 and rearranging

yields:

[1 + _&J sinQ
A

Ut [‘2‘]2 . [1 -(%) 2] sin’Q

[(2.211

Thus, Equation 2.21 provides the 1local tangenttal velocity

distribution over an elliptical cylinder once given the
ellipse fineness ratio, A/B, and the freestream velocity. Ve
are only iInterested in the local velocity at each transducer
relative to the freestream angle of attack and, therefore,
require definitions for determining the appropriate internal
angles, Q. These deftnitions, shown in Figure 2.8, apply only
, to a clircular cylinder but ¢the error In applying the
prediction to the angle probe is small since 1t has a low
fineness ratio (A/B {is approximately 1.35). Additionally, the

rasults only apply when the the radfal angle is zero. Using

...............
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blockage effects were small. Given this result, the small
nozzle was utilfzed for all the angle probe calfbrations and
allowed measurements to be recorded over the full Mach number
range of interest.

To 1increase confidence in the calibration data,
predictions can be made for the coefficients F23, H23, KP3,
Kp2, CP1, CP2, and CP3 by modelling the angle probe as a
two-dimensional elliptical cylinder. By using the potential
solution for such an elliptical cylinder, we can calculate the
local surface velocity and, given the freestream total
temperature, determine the local Mach Number. Finally, we can
determine the ratio of local static-to-total pressure ratio at
each transducer locatifon, thus allowing direct calculation of
the coefficlents. The equations for this procedure now
follow.

The potentfal solution for the surface flow velocity over

a two-dimensional elliptical cylinder is [211]:

2 sinQ
Un = 2 2 2 £2.191
Ui [1 - A-B] + 4 [a-B]° sina
ATE A+B

where A - ellipse semi-major axis
B - ellipse semi-minor axis
Q - ellipse itnternal - e
and Xx = A cosQ
y = B cosQ

The axes and coordinate system are defined in Figure 2-8. The
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nominal thermal 2zero shifts are on the order of 3X per full
scale per 55.5 C (109 F) while the nominal sensitivity shifts
are less than 1.5X per full scale per 5.5 C (199 F).
Finally, the compensated temperature range is 275 K to 422 K
(35 to 389 F).

2.2.3.3 Calibration Procedures and Results

The angle probe is calibrated in a freejet against radial
angle, tangentfal angle, and Mach number. The calibration
test gas is afr. The calibrations are accomplished with a
precisely duplicated pneumatic model of the instrument used in
the TBF. This s done to avoid damaging the relatively
fragile and expensive probe constructed with the sflicon
diaphragm pressure transducers. A1l of the calibrations are
done statically. As dfescussed later in Chapter 3, we would
1i{ke to know the response of the angle probe to dynamic
flowfields but no means are currently available to produce
well-characterized dynamic flowfields with frequencies above §
kHz [281. Accordingly, only the static response of the angle
probe has been iIncorporated into the data reductfon schemes.

Probe blockage errors must be considered when freejets
are used for calibratfons. Accordingly, two freejet nozzles
of 2.54 cm and 5.8 cm diameter were employed for the angle
probe calibratfons. Due to facility constraints, the maximum
steady Mach number achifevable with the large nozzle was only
2.4, well below the desired maximum calibration value of 4.85.
Comparstion of coeffictient values taken by both nozzles at the

same Mach number showed no differences, suggesting that probe
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Pt and Ps refer to the freestream total and static pressures
respectively. Two additional coefficents, CP2 and CP3, can be
defined similarly to CPl. These coefficients are not used 1in
the data reduction but are considered 1{n the calibration
section presented later.

Based on the definftfons, F23 and CP4 provide directfonal
sensitivity, H23 Mach number sensitivity, and KP2 and KP3
statfc pressure sensitivity. Coefficient CP1 alds in
determining the total pressure. In theory then, we may use
the set of coefficlents to retrieve flowfield property
information 1Including the radial and tangential flow angles,
total pressure, static pressure, and Mach number once the

probe is fully calibrated.

2.2.3.2 Performance Characteristics

We are particularly interested In the frequency response
of the angle probe. The Kulite model XCQ-093 pressure
transducers used in the {nstrument have natural frequencties in
excess of 200 kHz. However tn practice, the length scale
characteristic of the probe, Its dfameter, coupled with the
flowfield velocity sets the characteristic frequency of the
probe. This frequency is approximately 45 kHz and therefore
well above blade passing frequency. The angle probe’'s
frequency response characteristics are addressed further in
Chapter 3.

The pressure transducers are approximately 2.4 mm (0.993
fnches) 1{in dtameter and have nominal sensitivitfes of 31.6

mv/atm with a nonlinearity of less than #.5X full scale. The
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CHAPTER 3
THE SHOCK TUBE -- MEASUREMENT OF PROBE FREQUENCY RESPONSE

This chapter details the development and construction of
a shock tube test facility built for the purpose of measuring
fnstrumentation frequency response. Predictions and
measurements of frequency response are gfiven for both the

aspirating probe and angle probe.

3.1 Shock Tube Description and Operating Procedures

The design approach and description of the shock tube
facility are detafled 1in this section. The operating
procedures, shakedown results, and data acquisition system are

also presented.

3.1.1 Shock Tube Design Approach and Desription

A shock tube test facility was designed and constructed
for the purpose of measuring I{nstrumentation frequency
response. In particular, the frequency response
characteristics of the aspirating probe and angle probe are
desfred since they both operate downstream of the TBF turbine
rotor. In this turbine environment, as mentioned in Chapter
2, the probes are subjected to high frequency flowfield
fluctuations which occur mostly at the blade passing frequency
and fts harmonfics. In order to accurately measure or even
distinguish the blade-to-blade flowfield structure, the probes
natural frequencies must be well above the blade passing

frequency. Therefore, we must determfne each probes frequency
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> response in order to assess {ts applicability for use 1{in the
. turbine facility. The shock tube is a vehicle for making this
assessment.

Step function tests are commonly used to fnvestigate
fnstrumentation dynamic response. As a general rule for step
testing, the rise time of the step function must he less than
one-fourth of the natural perfiod of the instrument tested
[25]1. This rule ensures excitation of the instruments natural
oscillations. Shock tubes typically provide very sharp
changes ({(on the order of 190 Af8 seconds) 1in pressure,
temperature, and fIOy velocity, thus making them suftable for
investigating natural frequencies well abéve one megahertz.
Further, they can be designed for simple operation while still
providing repeatable results. It was for these reasons that a
- shock tube test facility was selected for the frequency
- response measurements.

In approaching the shock tube design task several
criteria were considered, the first being ease of operation.
In particular 1t was felt the shock tube should operate
without a dfaphragm bursting mechanism. This was a point of
concern since the anticipated test pressure ratifos were low.
Accordingly, any variance in the diaphragm mateirial properties
could result fin very different burst pressures. Also,
bursting could be ragged, thus sending particles of diaphragm
material into the driven tube which could potentfally damage
. sensors. Secondly, the facflity had to be flexible in the

sense that any practical bottled gas could be used 1{n either

ﬂ the driver or driven sectfons of the tube. This criterion
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required that fill and vacuum lines be sent to both sides of
the shock tube. Next, the device had to provide repeatable

pressure rises on the order of the blade-to-blade pressure

RS An A maARe _ pie

fluctuations downstream of the turbine rotor. This criterfon
essentfally dictated the diaphragm pressure ratio. Finally,
the test time -- the time beginning with the passage of the

fnitial shock wave and ending with the passage of efther the

——r.

reflected shock or gas Iinterface -- had to be long enough to

allow for several perfods of a 1low order kfilohertz signal.

This criterion dealt primarfly with the driven tube length and
relative posittoning of the {nstrumentation ports,

The shock tube was designed 1{n accordance with the
criteria above. Both the driver and driven sections of the
device were set at lengths of 3.281 m (18 ft), and were
constructed from shedule 49 (2 {in 1{.d.) pipe made of 316
stainless steel. The opposite ends of each section were
capped with 304 stainless steel blind flanges while the mating
ends were capped with similar socket welded flanges. A double
O-ring and groove configuration was machined into the mating
flanges. This arrangement proved successful fin holding the
diaphragms taut while ¢the driver side of the facility was
charged. No diaphragm breaking mechanism was required, as
discussed later. Additionally, stainless steel dowel pins
were placed into the mating flanges to help with alignment.
The pins alsc served to hold the diaphragms in place while the
. facility was recycled between tests., To allow for operattion
w.th anv bottled gas, fi1l1l and vacuum lines were lead to the

opposfite ends of each section. Standard one-quarter fnch
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copper tubing was used for the f111 lines; one-half inch
copper tubing for the vacuum lines, Between the driver and
driven sectfons, the fill lines were connected with a flexible
length of PVC tubing while the vacuum 1lines were connected
with flexible vacuum hose. Valving was designed to allow
fil1ling and evacuation of efther sectfon i{independently from
the other. Ftnally, faciiity fnstrumentation was minimized
and included only a Type J thermocouple and vacuum and
pressure gauges.

Positioning of the fnstrumentation mounts was

accomplished by predicting the shock velocity, reflected shock

velocity, and 1{interface gas velocity as a function of
ﬁ dfaphragm pressure ratio, gas temperature, and gas properties.
Standard one-dimensfonal shock tube relations were employed
a for these calculations [26]. A map of time versus driven tube
position can be constructed by dividing the velocities above

by the chosen driven tube length, as shown {n Figure 3-] for

air. The diaphragm pressure ratfo for the case shown s
approximately 1.48, ylelding a pressure ratio across the shock
of approximately 1.2. This pressure rise Is on the order of
what an instrument would experience downstream of the TBF's
turbine rotor. The fnitfial values for temperature and
pressure {n the driven tube are standard room conditions. As
previously defined, the test time begins with the passing of
i; the 1i{nitfal shock and its attendant step change in pressure,
. temperature, and velocity. The test time concludes with the

passage of either the reflected shock wave or {nterface gas

velocity and fts respective muddling of the orfiginal step
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function flow fileld. for the condftions of Figure 3-1, the

maximum test time occurs at the 24X driven tube length and has

a duration of approximately 13 milliseconds. This is an
enormous amount of time for dynamic testing of
fnstrumentation. Higher diaphragm pressure ratfos would give

higher shock velocities and, for the same driven tube length,
have the dual effect of reducing overall test time and moving
the maximum test time position farther down the tube. In
antictpation of using higher pressure ratios at some future
date, the instrumentation mount locations were set at the 30X
and 49X driven tube positions. Test times for these posfitions
in alr are 12 and 14 mill{iseconds respectively.

The next step following the design and construction of
the shock tube 1involved the determination of diaphragm
materfals and operating procedures, These aspects of the
shock tube development along with initial shakedown results

are now presented,

3.1.2 Shock Tube Operating Procedure and Shakedown Results
Operation of the shock tube proved to be very simple.
For tests 1in air, the driven tube is simply filled with atr
from a regulated high pressure cylinder until the dfaphragm
breaks. Depending on the diapﬁragm. this process was
surprisingly repeatable, For operation with other gases, both
sides of the shock tube are f{nitially evacuated and then
filled with the test gas to some pre-determined pressure. The

driven section fi11 l1ine is then cut off from the supply while

the driver continues to f111 until the diaphragm breaks. This
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; process also proved to be repeatable. Separate gases could be
used in the driver and driven sectfons but this permutation
I was not fnvestigated. In all cases, the double O-ring and
. groove configuration of the mating flanges held the dfaphragms
secure until bursting occurred.
= Several potential diaphragm materfals were tested
fncluding cellophane, paper, vellum, and metal foll,
Diaphragms that broke repeatably, cleanly, and at a pressure

ratio of 1.2 to 2.9 {(normalized by atmosphere) were desired.

S A

Cellophane (DuPont MSD-69, 228 gauge, 22.8 ym thick) was found
to meet these desirable qualities the best. This material did
have the occasional problem of releasing particles upon

breaking, but no sensors were damaged. The repeatability on

breaking was approximately 15X (typically 7 pstia + 1 psia,

which was within the accuracy of the pressure gauge used).

i
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Shock wave velocfity measurements were conducted to
confirm the device operated as standard shock tube relations
would predict. The wave velocities were measured using two
platinum thin-film gauges operated with TSI-1958 constant
temperature anemometers. The thin-f{ilm gauges were placed on
the shock tube ifnner wall surface at a known separatfon
distance. The time between response to a passing shock wave

was measured on an oscilloscope and used along with the

~ g~ v v v e -
. P A

separatfon distance to calculate the wave velocity. The
v velocities measured were consistantly within 18X of
- predictions. These results were considered good given that

the diaphragm break pressure was read visually from a pressure

gauge mounted to the driver tube. These results were later
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confirmed using a hot wire to measure the post-shock flow
field velocity and its characteristic steadiness over the test
time. These data are discussed 1later f{n Section 3.3.2.
Additionally, it was found ¢the wave velocitties from the
diaphragm pressure ratio desired, approximately 1.5, were
sufficient to excite the damped natural frequencfes of Kulite
XCQ-993 and XCQ-#62 stratn gauge pressure transducers. These
frequencies were 250 kHz and 509 kHz respectively, well above
those anticipated from either the aspirating probe or angle
probe.

A Tekronics 468 digital recording oscilloscope s used to
acquire the test data. The measuring ifnstrument acts as the
trigger. Once taken, the data are passed to an LSI 11/23
computer through an IEEE-488 GPIB and stored on floppy disk.
The data are subsequently transferred to a DEC PDP 11/79
computer for reduction and analysis.

In summary, a shock tube facllity for testing
fnstrumentation frequency response was designed and
constructed. [Its operation was very simple while its results
proved to be repeatable. Measured shock wave velocities and
interface gas velocities were consistently within 18X of
predictions from standard one-dimensional shock wave
relations. With the shock tube operating as a viable tool for
frequency response {nvestigations, measurements were made with
both the aspirating probe and angle probe. These results are

now presented.

3.2 Aspirating Probe frequency Response
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In this section, the governing equations for the
aspfrating probe natural frequency and damping ratio are
described. Subsequentliy, we employ the equatfons to predict
the probe’s natural frequency and damping in both afir and
Freon-12, and compare the predictions to shock tube test
results. The instrument's predicted response in an
argon-freon mixture, the gas utilized 1in the TBF, fs then
presented. Finally, we discuss means of Iimproving the
frequency response characteristics of the aspirating probe

based on the shock tube results,

3.2.1 Governing Equations for Natural Frequency and Damping

The frequency response of compensated constant
temperature hot wire anemometers is typically on the order of
199 kHz (1217. In the present case, however, frequencles
assocfated with the gas flowing {in the aspfrating probe
channel must be considered and, as will be shown in the next
sections, are considerably lower than the hot wire anemometer
frequency quoted above.

The asplirating probe channel can be modelled as a
constant area duct with mass flow as shown in Figure 3-2. As
with a number of fluid systems having tubing or ducts
(pressure transducers with plumbing, for example), the
aspirating probe can be shown to exhibit second-order
instrument behavior. In parttcular, Whitehead [27) gives the
relationships required to fnvestigate a system as modelled

above. These relatfionships are addressed in the next section,

but first, a brief discussion of second-order instrument
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behavior is gfven.

Using the definittons of [28], a second-order ({instrument

is defined as one that follows the equation:
al d + a2 dgq + agd q = bAqgl [3.11
It ED

where q is the output quantity, qi is the Input quantity, t is
time, and the a’'s and b’'s are system physical parameters which
we shall assume to be constant. From equatfon 3.1, we may

define three parameters:

K = b#g static sensitivity
ap
wn =|afd undamped natural frequency,
a2 rad/time ( f = w/2 Hertz )
z = al damping ratfo, dimensfionless

2 fada2

Rearranging equation 3.1 in terms of these three parameters

yields:
[o’ + 22D +]1 Q@ = K qt £3.23
wne n

where D = d /dt.

From equation 3.2, then, we may define an operational transfer

function applicable to all second-order instruments:

D /wnt + 2z2D/wn + 1

q8 (D) = K (3.31
qi

T —
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investigate the response of a second-order
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that to determine the

Iinstrument, we

fts natural frequency and damping ratto.

instrument

its frequency response -- we

may use equation 3.3 along with a suitable sinusofidal transfer

function representing some harmonic excitation.

analysis in [29],

qd/qi

Following the

for the complex sinusoidal transfer function

(iw), we obtain from equation 3.3:

3% {({w) = [3.4]
q (Iw/wn)+ 2z {w/wn + 1
where | = =}
w = frequency,
which may be reduced to the following form:
qQd (iw) = 1 Lo [3.5)
Kqf [1-{w/wn)2P+422w>/wn
where ¢ = arctan 2z [(3.61
w/wn = wn/w
For any chosen {nput frequency, w, the magnitude of equation
3.5 represents numerically the ratfo of the output to input
signal amplitudes. The angle of this complex number

represents the phase angle by which the output leads the input

sfgnal, The term q@/qiK 1is
magnification ratio while the
frequency ratio.

Using equations 3.5 and
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nondfmensionalized frequency response curves by choosing
values of frequency ratio and damping ratio, as shown in
Ffgure 3-3. Curves of phase angle versus frequency ratfo are
also shown. These curves represent the frequency response
characteristics of all second-order 1instruments. From the
curves, we see that fincreasing natural frequency, wn, ylelds a
greater range of frequencies, w, for which the magnification
ratfo 1{is <close to wunity, Accordingly, a high natural
frequency 1s required to accurately measure high frequency
fnput signals. The effect of damping ratio, =z, is also
apparent as f{t can be seen that a value of approximately 9.6
to P#.7 gives the widest flat magnification ratio. In
additfon, for these values of damping ratio, we see that the
phase angle varfes almost linearly with frequency ratio. This
linearfty i{s {mportant if we wish to obtafn the correct shape
of the input sfignal [29].

In summary, all second-order fnstruments are governed by
the operational transfer function given by equation 3.3, which
has as its essential varfables the natural frequency, wn, and
damping ratio, =z. To determine the frequency response of
these instruments, we may use a sinusoidal transfer function
which 1{s obtafined by replactng iw for D in equation 3.3, thus
obtaining equation 3.4. From equation 3.4, we can construct
plots of magnification ratfo and phase angle versus frequency
ratio with the damping ratio as an independent variable. From
these plots 1{t can be seen that a high natural frequency is
required to accurately measure high frequency 1{unput signals.

Additionally, 1t 1{s seen that damping ratifos on the order of
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8.6 to #.7 give the widest range of flat magnification ratlo
and phase angle Jlinearity. Finally, since the aspirating
probe behaves as a second-order {Instrument, we can investigate
its frequency response by determining its natural frequency

and damping ratfio. This s done Iin the following section.

3.2.2 Prediction of Probe Natural Frequency and Damping Rattio

As mentioned above, the aspirating probe can be modelled
as a constant area duct with mass flow. For the conditions of
subsonfic mean flow and a choked exit, Whitehead [27] obtalins
the following relation for the system undamped natural
frequency in Hertz, f, as a function of the mean flow Mach

number, M, gas sonic speed, C, and duct length, L:

2
f = (2n-1)(1-M}C [3.71
4L

The variable n is an integer value defining the frequency mode
shape. For the analysis, Whitehead assumes the duct has a
uniform cross sectfon and §is fed at constant total pressure
through a short contraction. He also makes the assumptions of
one-dimensional flow, perfect gas, small flow oscillations,
and negligtble flutd friction. To the extent that these
assumptions are realistic for the probe while operating
downstream of a turbine rotor, the result appliies. The only
marginal assumption seems to be the one regarding constant
total pressure. In fact, total pressure will vary as a

minimum at the blade passing frequency. Nevertheless, as will

.

AR |
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be shown, the probe’'s natural frequency s well above the
blade passing frequency, so on the time scale of the natural
frequency the total pressure can be consfdered quasi-steady.
We shall assume from now on that Whitehead’'s result s
applicable and represents the governing equatfon from which we
may predict the aspirating probe’s natural frequency.

In addition to the natural frequency, Whitehead gives the
following relationship for determining the system damping
ratio, z, as a function of Mach number, M, and ratio of

specific heats, Gamma:

{(2n~1) 2 = Tn (1+M)(1+kM) £3.81
2 (T-M{T-kM

where k = (Gamma-1)

Having relatfonships for both natural frequency and damping
ratfo, we can now make predictions.

It i1s reasonable but not certain that equatifons 3.7 and
3.8 apply to the aspirating probe; but by testing the probe
in two different gases, thereby changing the gas constant and
gamma and hence sonic speed, we can assess thelir
applicability. If it is clear they do apply, then we can
predict the probe’s frequency response for the argon-freon-12
mixture used in the TBF with confidence. Measurements could
be made {in the appropriate argon-freon-12 mixture, but
logistically and operationally 1t s more convenient (and

equally valid) to make the measurements in two more readfily

available gases. Accordingly, air and freon-12 were chosen
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for the shock tube tests. These gases have the added
advantage of possessing greatly different gas constants, thus
gfving greatly different predictions for natural frequency.
The predictions for these gases at room temperature and for

the actual aspirating probe channel length are given below In

Table 3-1.
Test Gas Air Freon-12
Channel length, L (MM} 3.886 3.886
Temperature, T [K] 3905.9 385. 49
Gas constant, R [J/KG K] 287.2 68.8
Gamma 1.49 1.14
Sonic speed, C [M/81 350.2 146.3
Channel Mach number, M 2.199 a.2
Natural Frequency, f [(kHz] 21.63 9.53
Damping Ratto, z 9.97 g.89

Table 3-1: Aspirating Probe Natural Frequency
and Damping Ratio Prediction for
Both Afir and Freon-12

The channel Mach number noted in the table above fs calculated
using the channel cross-section to sonic orifice area ratio
and the ratio of specific heats, gamma. In ¢this calulation,
growth of the thermal and momentum boundary layers are also
considered. The predictions can now be compared to
measurements made for the aspirating probe in the same set of

gases.

3.2.3 Measurement of Probe Natural Frequency and Damping Ratto
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of course, fs due to the probe translation across the vane
gap. Comparison of the 7 and 37 cycle ensembles fndicate ontly
small disrepancies despite the probe transtlation.

Accordingly, the data presented in the following sections are

ensembled over 37 cycles except where noted otherwise.

4.2.2 Aspirating Probe Measurements

Total temperature and pressure ratios measured with the
aspirating probe are presented 1{in this section. The
measurements were taken at the 198X, 125X, and 88X corrected
speed polints. Table 4-3, below, gives a summary of the test
conditions and reference values. Ffgures showing the test

data at each test point are also ifndicated.

Test Corrected Time Tref Pref Figure
Speed [K1] [atm]

2 NC = 198X 292 461 3.43 4-7, 4-8
360 459 3.36 4-9, 4-19
439 456 3.26 4-11, 4-12

3 NC = 125X 292 476 3.598 4-13
355 473 3.37 4-14
4309 479 3.26 4-15

4 NC = 809X 292 468 3.44 4-16
365 465 3.36 4-17
4390 462 3.23 4-18

Table 4-3: Summary of Aspirating Probe Measurement

Conditions

The data taken with the aspirating probe hot wires were
reduced with the pressure signal obtained from the XCQ-292

pressure transducer, thus ylelding two separate measures of
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value for reduced frequency indicates there is at least one
vane wake in a blade passage at any finstant in time. Further,
this implies that we can determine the predominant rotor exit
profile with relatively few blade-passing cycles. This point
ifs confirmed shortly.

Ensemble averages of total pressure are presented 1In
Figures 4-3 A and B8 for the 292 msec test point. Each period
of the ensemblied traces shown are the same; seven perfods are
displayed only for comparison with the fnstantaneous traces.
The measurements were taken at the 188X corrected speed
condition with the aspirating probe’'s total pressure
transducer (XCQ-992). Seven, 37, and 111 <cycle ensemble
averages are shown superimposed with <the f{nstantaneous
pressure signal where, for reference, 61 cycles corresponds to
one rotor revolution. The seven and 111 cycle ensembles are
plotted togethor on the lower grid 1{n Figure 4-38B. Thefr
close agreement suggests that the perfodic nature of the total
pressure profile can be found with relatively few cycles.
Ensemble averages of total temperature are shown in Figures
4-4 A and B for the 292 msec test point with results similar
to those seen with total pressure.

Ensemble averages for total pressure and temperature are
presented in the same format as above except at the 364 msec
test point, f.e. during the traverse. Total pressure ratios
are shown 1In Figures 4-5 A and B while the total temperature
rattos are shown in Figures 4-6 A and B. For both pressure

and temperature, the 111 cycle ensembles are seen to differ

significantly from the 37 and 7 cycle traces. The difference,

v .r“v*‘-‘
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the probe s located approximately {n the core flow region of
the upstream vane. In the second, at 364 msec, the probe is
located 1{in the wake regfion of the upstream vane as suggested
by the low total pressure reading. In the third, at 439 msec,
the probe 1s located roughly In the transition region between
the vane core and wake flow, The data are presented f(n
nondimensional form, being normalized by the vane 1Inlet
{supply tank) total temperature and pressure. These values
change appreclably during the blowdown run, however, so the
reference temperature and pressure must be corrected for each
test time. These corrected reference values are glven for
each set of data presented. FfFi{nally, it s mentioned that the
data presented in this Chapter are the first published set of
high~frequency total temperature and pressure data taken in a

turbine stage.

4.2 Experimental Measurements

High-frequency measurements taken {in the Turbtne Blowdown
Factiity by the aspirating probe, angle probe, and total
pressure probes are now presented. First, however, the

approach used to ensemble average the data is discussed.

4.2.1 Ensembling Technique

The data presented in the following sections are ensemble
averaged to reveal the perfodic nature of the flowfield
structure. For the turbine design point corrected speed and
mass filow, the reduced frequency defined in Chapter 1 equals

1.87 (U=158 m/s, t=0.945 m, bx=0.925m, and Cx=82.3 m/s). This

..............
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In Test 1, the XCQ-g62 total pressure probe was traversed
circumferentially downstream of the turbine at the rotor exit
midspan; in Tests 2-4, the aspirating probe was traversed.
The traverse length was 68 mm, or approximately 1.33 vane
gaps. Both the probe position and translation path for the
traverses are shown 1In Figure 4-1 along with a typical time
trace. The time trace fndicates the traverse linearity. The
angle probe was not traversed.

For later reference, values for the turbine midspan
velocity trfangle, obtaftned from a streamline curvature
program, are gfiven below in Table 4-2, These apply to the

198% corrected speed operating condition,

Corrected Speed, NC 199X
Blade Speed, wr or U (m/s] 161.9

Rotor Absclute Inlet Mach Number, M a3 1.189

Rotor Absolute Inlet Angle, O 3 73.69
Rotor Relatfve Inlet Mach Number, M r3 1.269
Rotor Relative Inlet Angle, B 3 59.52
Rotor Absolute Exit Mach Number, M a4 2.738
Rotor Absolute Exit Angle, O 4 -33.88
Rotor Relative Exit Mach Number, M ri4 1.235
Rotor Relative Exit Angle, B 4 -64.39
Total Pressure Ratio 9.2591
Total Temperature Ratio #.7699

Table 4-2: Summary of Turbine Midspan Velocity
Triangle at 199X Corrected Speed

In the following sectfon, we present data at three pofints

during the tests, as fndicated in Figure 4-2, corresponding to

three traverse positions. In the first position, at 292 msec,
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CHAPTER 4
THE RESULTS -- FLOWFIELD MEASUREMENTS AND ANALYSIS

High-frequency measurements taken in the Turbine Blowdown
Facflity are descr ibed in this chapter. After thelr
descritption, the data are briefly analyzed 1in two ways.
First, the effect of using time-resolved pressure measurements
to estimate turbine performance (instead of using the
time-averged pressure as measured by a Pitot probe) is
investigated. Second, we derive the Euler turbfne equation
and use it in conjunction with the angle probe measurements to
calculate the turbine temperature profile. Subsequently, this
calculated profile s compared to the measured temperature
profile taken with the aspirating probe. Before describing
the measurements and presenting their analysis, however, the

test matrix completed for this thesis {s outlined.

4.1 Exper iment Summary

The tests reported in this thesis are summarized {in Table

4-1 below:
Test Corrected Inftfal Inftial
Speed Temperature, K Pressure, atm
I NC = 19090X% 475.5 4.134
2 NC = 100X 472.8 4,137
3 NC = 125X% 486.7 4,137
4 NC = 89X 476.1 4,137
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Table 4-1: Summary of Test Conditions

..............................................




PAGE 74

3.4 Summary of Shock Tube Results

The shock tube proved to be a usefull and easily
implemented tool for determining the frequency response
characteristics of both the aspirating probe and angle probe.
The aspirating probe’'s undamped natural frequency was found to
be 15.46 kHz for the turbine test conditfons with a damping
ratio of .36. The angle probe’s characteristic frequency was
estimated to be 45.5 kHz with a measured rise time of 5§ usec.
These resulits confirm each probe’'s applicability for use {n
the turbine facility. Measurements performed by the probes f{n
the turbine facility, along with their analysis, are discussed

in the following chapter.
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ifs suitable for wuse {n the turbfne., (It fs noted in [1],
however, that this probe’s ‘reduced frequency'’ fs only 12
kHz).

The characteristic frequency above notwithstanding, we
must still determine the dynamfc fnteraction of the probe’'s
set of pressure transducers. In practice, the measurements of
each transducer at some instant In time are reduced to obtain
flowfield properities which are assigned to that instant (n
time. Clearly, errors will occur 1{f, due to the probe’s
geometry and location of the stagnation point, unsteady
flowfield conditions persist. Vortex shedding or intermittant
flow separation are examples which might occur.,
Unfortunately, no techniques are currently available for
generating well-characterized temperature and pressure
fluctuations at frequencies greater than 19 kHz [28); hence,
we cannot fnvestigate the probes response to a fluctuating
flowfield. We can, however, measure the angle probes response
to a step change in pressure and fn so doing determine 1its

rise time. These measurements are now presented.

3.3.2 Measurement of Angle Probe Frequency Response

The angle probe was placed Iin the shock tube and tested
in aftr. In all cases, we were able to excite the natural
frequency of the angle probe pressure transducers, which are
on the order of 208 kHz. A typical pressure transducer
response is 1llustrated in Figure 3-8. Rise times of the

pressure transducers were found to be on the order of 5 usec

with settling times on the order of 188 usec.
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the angle probe pressure transducers are addressed and
followed by a brief presentation of the angle probe rise time

measurements.

3.3.1 Angle Probe Dynamic Coupling

Four minfature silicon diaphragm pressure transducers
(Kulite XCQ-493) are mounted on tﬁe angle probe as shown {n
Figure 2-7. These transducers have natural frequencies on the
order of 208 kHz, or higher, depending on their rated
pressure. In using the probe for flowfield measurements,
however, we are more {interested Iin the dynami{c interaction of
the entire set of transducers since they are used together to
retrfeve flowfield properties.

A characteristic frequency of the angle probe can be
found based on the probe diameter and anticipated flowftleld

.

conditions downstream of the turbine rotor as shown 1In Table

3-4 below:

Probe diameter, D [MM1] 3.39
Mach Number g.60
Temperature, T (K] 355.9
Gamma 1.29
Gas Constant, R [J/KG K] 137.9
Velocity, V (M/S1] 1590.3

Characteristic
Frequency, F = V/D [kHz1] 45.5

Table 3-4: Angle Probe Characteristic
frequency

Based on this simple characteristic frequency, the angle probe
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1imiting characteristics associated with the hot wires
themselves become fmportant. The minimum wire
length-to-diameter ratfo required for negligible conduction
losses to the probe body is 208 to 589 (32). And gfven that
the smallest avaflable hot wires are 2.5 to 5.8 um in
diameter, the minimum probe channel dfameter becomes
essentfally set at #.5 to 1.7 mm. We may then choose the area
of the sonic orifice, consistant with construction
limitations, so as to give a low channel Mach number. Thus,
we can limit the adverse effect of the subsonic mean flow on
the probe natural frequency. Though the applicabtility of
equatfon 3.8 is questionable, 1t at least suggests that a 1low
Mach number will also reduce the level of damping fintroduced
by the flow.

In effect, the channel length of the probe is the primary
varfable controlling the natural frequency. Consideration
must be given to the fnlet design to ensure good off-angle
performance and a smooth diffusion of the flow {nto the
constant area channel. But In theory, it seems the designer
need only chcose a length commensurate with construction
constraints to obtain the desired natural frequency. In the
present case, where we would 1{ke a natural frequency of 44 to
68 kHz, we would need to reduce the probe's channel length by

one-half or more.

3.3 Angle Probe Frequency Response

Frequency response aspects of the angle probe are

discussed in this section. In particular, dynamic coupling of
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unreasonable, though, because at the blade passing frequency
it yfelds a magnification ratio of only 1.2, approximately.

In summary, the natural frequency and damping ratfio of
the aspirating probe have been measured 1In both air and
freon-12. The results confirm the applicability of equation
3.7 for predicting undamped natural frequency, but suggest
that equatifon 3.8, the damping ratio prediction, s not
applicable. From these results, the aspirating probe’'s
predicted characteristics for the argon-freon-12 mixture used
in the TBF are f=15.36 kHz and z=0.36. The damping ratio is
an approximation based on the measured results. It s felt
that these values of natural frequency and damping ratio are
sufficient to measure the blade-to-blade temperature and
pressure dfstributions downstream of a turbine rotor. Gfiven
these results, methods for fmproving the aspfirating probe

frequency response are now considered.

3.2.4 Design Considerations for Frequency Response Improvement

The aspirating probe natural frequency is a function of
fts channel length, the sonic speed, and the channel Mach
number, as was shown In equation 3.7. The sonfic speed f{s a
function of the test gas and temperature, and therefore, more
an application than design consideration. So on a next
fteration of the aspirating probe design, we are left with
only the channel Yength and channel Mach number (a function of
channel-to .unfc-orifice area ratio) as design variables for

improving the natural frequency.

In considering a design for {mproved frequency response,
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#.32, 1s shown in Figure 3-7.

We may now predict the aspirating probe’s frequency
response for the TBF's argon-freon-12 test gas mixture.
Results for a freon-12 mass fraction of #.511X are shown (n

Table 3-3 below:

—— T D n WP D A WS S G N D ) e N T T D W e A D W b S e Em B

Test Gas Argon - Freon-12
Channel length, L (MM1 3.886
Temperature, T (K1 355.9
Freon mass fraction [x1 9.511
Gas constant, R [J/KG K] 137.9
Gamma 1.29
Sonic speed, C {M/S1 254.4
Channel Mach number, M 9.2
Natural Frequency, f [kHz] 15.4686
Damping Ratio, 2z g.36

{approximated from measurements)

Table 3-3: Aspirating Probe Natural Frequency
and Damping Ratio Prediction {n an
Argon-Freon-12 Mixture

The prediction above {is based on the typical DC value for
temperature downstream of the turbine rotor. The damping
ratio shown is an approximation based on the values measured
for air and freon-12. The natural frequency of 15.46 kHz {s
well above blade passing frequency, but s not nearly high
enough to i{investigate wake structure. It is felt, though,
that this natural frequency and damping ratto pair are
sufficient to distingfush blade-to-blade variatfons {n

temperature and pressure. The damping ratfo of #.36 s rather

less than the optimum value of #.6 to #.7. It is not
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The predicted and measured undamped frequencies agree
very well, thus giving credibflity to equation 3.7. The
varfance In the freon-12 measurement and prediction i{s most
likely assocfated with the presence of air in the driven tube
during the test. The afr would alter the driven gas
properties, resulting in a higher natural frequency similar to
that measured. Unfortuneately, the damping ratfos do not
agree, The prediction gives a damping ratio close to the
critical value of z=1; a value for which we would expect to
see no oscillations in the signal. ClearTy the damping ratio
prediction, equation 3.8, iIs not applicable to the aspirating
probe,

The frequency response of a simple hot wire simflar to
that used 1{in the aspirating probe was also measured in the
shock tube. Tests were accomplished in atr for the same
diaphragm pressure ratio and temperature as used with the
aspirating probe. This was done to ensure the measured
frequencies were a function of the aspirating probe geometry
and gas properties alone, and not assocfated with the hot wire
circuitry or shock tube itself. Based on the stability
setting of the anemometer circuit, damped natural frequencies
of 45.8 to 65.9 kHz were observed for the simple hot wire.
These values are well above those measured for the aspirating
probe and further tend to verify Whiteheads result for
predicting natural frequency. A typical hot wire response, a

natural wundamped frequency of 59 kHz and damping ratio of

‘‘‘‘‘‘‘‘‘
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frequency i1s always less than the undamped natural frequency.
We can, however, extract the required {nformation using the
following relationships and definitfons given {n Figure 3-6
[311:

z = 1 £3.19)
o (4 2 + )
Gn a/b
wn = 2 n (3.111
le-zz

Using the equations above and the measurements in Figures 3-4

and 3-5 , we obtain the results shown in Table 3-2 below.

Test Gas Atlr Freon-12
a (Volts] §.52 1.28
A (Voits] g.14 g.44
Period, T fMicrosec]) 85.9 95.9

- - D - D - D SR - . A N D WP S R s ES Gy b S ED M G e ) G e e wm o

Predicted damping
ratfo, 2z, from 3.8 .97 g.89

Measured damping
ratfo, 2, from 3.18 #.39 g.32

- D e e e G W D . D S Ge . G R . G R n WP R Gm AR D G - - = - e

Predicted undamped
natural frequency, f
from 3.7 [kHz1 21.63 9.53

Measured undamped
natural frequency, f
from 3.11 (kHz1 21.35 11.11

Table 3-2: Comparison of Predicted to Measured
Aspirating Probe Natural Frequency
and Damping Ratio

R
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With the natural frequency and damping ratio predicted,
the task 1s now to measure these characteristics of the probe
and compare the measurements to the predictions. If they
agree, we may use equations 3.7 and 3.8 to predict the probe’s
frequency response In argon-freon-12.

The aspirating probe was mounted in the shock tube test
factlity and subjected to step-function changes 1In both
pressure and temperature, Separate tests were accomplished in
both afr and freon~12 at dfaphragm pressure ratios of
approximately 1.5, ylelding pressure ratios at the probe of
about 1.25. This level of pressure change is similar to what
the probe would experience downstream of the turbine rotor {n
the TBF. Typfcal probe responses to the step change in
properties, along with thef{r respect{ve power spectrums, are
gfven 1In Figures 3-4 A and B for air and Figures 3-5 A and B
for freon-12. Test conditions are noted on each figure.

We can determine the aspirating probe's natural frequency
and damping ratio from Figures 3-4 and 3-5. First, it must be
realized that a systems undamped natural frequency cannot be
observed experimentally unless the system has zero damping.
What iIs actually observed s the damped natural frequency
which 1s related to the undamped natural frequency as follows

(301

w damped = w naturald l-z! [3.9])

This result applities only to underdamped systems where z ¢ 1.8,

From equation 3.9 1t is clear that the experimentally observed
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temperature. No attempt was made to determine the flowfield
total temperature and pressure with the hot wires alone. On
each figure listed in Table 4-3, the total pressure ratio and
total temperature ratio measured from each wire are plotted
against time. For the 190X corrected speed condition, an
additional figure is given which compares the ensembled and
fnstantaneous temperature signals. The second time point (369
msec) for each speed condition varies slightly. This 1is due
to differences 1{in the probe traversal from test to test--the
probe posftion is the same for each data set.

In theory, the temperature reduced from each hot wire
should be the same. In practice, they vary slightly. Maximum
differences in temperature between the two wires 1is on the
order of 18 C, but these occur in the peaks and valleys of the
ensemble averages. Generally, the form of the ensembled
temperature traces agree very well., The temperature
sensitivities of the wires are different, as mentioned in
Chapter 2, but the calibration data should negate this effect.
Except that the wires are spatfally separated (radially 1in
reference to the blade  trailing edge, and only 1X in blade
span), no explanations for the differences in probe output are
given here.

For the 129X corrected speed condition, the temperature
ratfo is seen to have a characteristic frequency twice that of
blade passing. This s most clearly evidenced tn the 292 msec
and 439 msec test points. The peak-~to-peak varfation is
typically 28X, or 65 C. The ensembles from these test points

compare very favorably with their {nstantaneocus temperature
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traces. During the traverse, however, the temperatures are
not so cleanly structured. Ensembling the data over seven
cycles instead of 37 produces the same result, as is shown In
Figure 4-78B. This suggests there is not a problem with the
ensembling technique; rather, the temperature 1in the vane
wake region has a more random structure. This random nature
is seen in Figure 4-19, where it {s clear that the ensemble
averages Ido not agree well with the 1{nstantaneous
measurements. For all the test points, the peak i{in total
temperature ratfo corresponds roughly with the trough in total
pressure ratfo. And assuming the wake s signalled by low
to§a1 pressure, the data suggest the wakes are hot.

For the 125X operating condition, we see again the twice
blade-passing frequency of the temperature profile. The
amplitude of the second peak is less pronounced, however, than
in the 108X speed case. The maximum peak-to-peak temperature
varfation for this speed is roughly 25X, or 74 C. The phase
relatfonship between the pressure and temperature has changed
from the 199% speed condition. Now, the trough {n total
temperature lines up more closely with the trough in total
pressure.

Finally, for the 88X operating condtition, we see
temperature profiles which are much less consistant than those
from the other operating condftions. The profiles contain
frequency components at three times blade-passing and greater
with a different structure at each test point. Further
correlation is required for this data set, but it has not been

accomplished for this thesis. Typtcal peak~-to-peak
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temperature varfiation 1Is 11X, or 37 C. And ltke the 180X
corrected speed case, the temperature ratfo is seen to vary

alternately with the pressure ratio.

4.2.3 Angle Probe Measurements

Total and static pressure ratfos, Mach numbers, and
tangential flow angles reduced from the angle probe pressure
measurements are presented in this section. These
measurements are used later with the Euler turbine equation to

predict the rotor exit temperature profile. Unfortuneately,

- during the course of testing, the angle probe's transducer
number 4 became intermittant. As a resulg. no radfal flow
# informatfon was obtained. The angle probe was not traversed

during the tests. Its statfonary position corresponds to the
3680 msec test point for the traversed probes. Finally, only

the measurements from the 198X corrected speed condition are

i presented here.

} Both the absolute and relative tangential flow angles are
> plotted in Figure 4-19, The relative angle is calculated
bb

using the absolute Mach number and tangential angle measured
by the angle probe, along with the wheel speed. The probe was

- offset from axfal {n the laboratory frame by 34 degrees so as

to face directly into the flowfield. The streamline curvature
program mentioned in Sectfon 4-1 predicts values of 34.88 and
-68.39 for the absolute and relative tangential angles
respectively. From the Figure, 1t is seen that the absolute
tangential flow angle has a peak-to-peak varfation of 34

degrees, with the mean value corresponding to the streamline
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curvature predfction. Likewise, the relatifve tangentfal angle

N
.

!
be
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has a significant peak-to-peak varfation of 15 degrees. This
fs 1interesting since it is normally assumed that the relative
tangetfal flow angle Is constant except for a small deviation
angle at the blade trailing edge.

The total pressure ratio and absolute Mach number are
shown 1in Figure 4-2§. In Figures 4-21 and 4-22, the axijal
Mach number and tangential Mach number, respectively, are
shown with the total pressure ratio. And in Figure 4-23, the
axial and tangential Mach number components are plotted
togethor. From Table 4-2, the predicted absolute exit Mach
number {s 8.738 for the blade midspan. This {indicates the ©DC
value for the measured absolute Mach number (s 1low by

approximately 18X. From Figure 4-20, we see the trough f{n

Vv absolute Mach number lines up with the minimum total pressure

i as one would expect. The Mach number trace, though generally

fncreasing with time, .i.e from the blade pressure to suction

side, is very non-uniform. Thi{s aspect of the Mach number

profile was unexpected and requires further analysis. The

axial and tangentifal Mach number components are seen to be 188

degrees out of phase, with the minimum §in axial Mach number

: occurring at the minimum total pressure. In contrast, the
) max fmum tangential Mach occurs at the pressure mintmum.

Finally, the total pressure ratio and static pressure

ratio are shown together in Figure 4-24., Surprisingly, the

static pressure has roughly the same blade- to-blade profile

as the total pressure. Clearly, the statfc pressure is not

constant through the wake region as s normally assumed.
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4.2.4 Total Pressure Probe Measurements
The Kulite XCQ-962 {s the smallest pressure transducer
i avatlabtle which provides accurate DC and AC pressure
measurements. A total pressure probe containing this
transducer yields the pressure measurements shown in Figure

4-25. In this figure, both the ensembled and {nstantaneous

traces are shown. On the figure's lower grid, the ensembled
pressure ratio measured by the probe s superimposed on an
ensembled trace taken by the aspirating probe’'s XCQ-093
i transducer. The measurements were taken In the same position

and test time but {in different tests. The form of the

Ty ot e

ensembled pressure traces are quite similar. Each show a

strong pressure fluctuation at the blade passing frequency

)

with a smaller amplitude frequency super imposed. This
N secondary frequency s most likely assoctiated with the blade

passage vortex. The time-resolved pressure measurement
i obtained with the XCQ-0#62 is employed in the following section

to fnvestigate turbine performance.

4.3 Data Analysis ‘

In this section, the practice of using time averaged
pressures to calculate turbine performance is discussed in
1ight of that component's characteristically unsteady
flowfield. Comparison is made between the time-average of the
time-resolved pressure sfignal described above, and the
time-averaged pressure signal as might be measured by a Pitot

i probe. Next, the nondimensf{onailized Euler turbine equation fis

der fved and used to show the dependence of the stage
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temperature ratio on the blade turning angles, flow Mach
numbers and rotor speed. Finally, comparison {s made between
the temperature profile calculated from the Euler turbine

equation and that measured by the aspirating probe.

4.3.1 Fluctuating Pressure Influence on Performance
Calcutlations
Adiabatic efficiency serves as a measure of turbine

performance and can be deffned as follows:

l-Tt4>
<

n. - _ €4.11
(- ™

where Tt is the gas total temperature, Pt 1{Is the total

pressure, and 3 and 4 refer to the rotor inlet and exit
respectively. This formulation applies only for a mass-flow
weighted average of the properties as indicated by the carats.
If the variations in flow velocity and density are small then
a time-weighted average .of the properties may be used as an
approximatfon to the mass-averaged values. Time-weighted
averages will be used here.

Together, a Pitot tube, connecting 1ines, and an 1inert
measur ing instrument comprise an 'integrating pneumatfc
system® which can measure time-averaged pressures in
fluctuating flows such as those downstream of a turbine rotor.

In practice, such systems are commonly used {n turbine test

facilities to measure the time-averaged pressure which is then
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used with Equation 4.1 to estimate the turbine performance.
However, as shown by Weyer [33), measurements of this sort are
subject to large errors which depend upon the strength of the
pressure oscillations, the pressure wave shape, and probe
construction. Figure 4-26 shows the deviatton of an ordinary
Pitot probe reading from the correct time- averaged pressure
measured downstream of a transonic axial flow compressor. In
this case, errors of up to 8X occur as the rotor speed, and
hence flowfield fluctuations, increase {temperature
measurement errors have also been noted but these are not
addressed here). 1If taken on face value, the erroneous
measurements would suggest a higher efficiency than the
compressor actually possesses. We will fnvestigate here the
magnitude of similar errors which can occur in turbines.

The measuring system model descr ibed above, one
consisting of a throttie point, connecting duct, and fnert
measuring {nstrument, will sense some time averaged pressure,
Pbar, when {mmersed in a flowfield with fluctuating pressure,
Pl{t). (Basically, Pbar fs the ‘probe averaged' pressure). A
schematic of this measuring system i1s shown in Figure 4-27. A
relattonship between the mean pressure sensed by the measuring
system, Pbar, and the actual time-varying pressure, P1(t), is

given by Weyer:

1

- 'fin %Pllh[Pbarm)‘) - (Pbar P“)f:;']‘ig

f=k+l

= 2(1’.15 ,"‘ i’
g = ;f( 3Pbar‘%[PH ¥ - ({pbar Pli)‘y] € t4.23

______
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where 2n is the number of {dent{cal time steps {n a sampled
time i{nterval, and k is the number of samples for which P1{t)
is greater than Pbar. As suggested by the definition of k,
the first term in Equation 4.2 applies when Pl1{(t) {s greater
than Pbar, the second when Pl{t) is less than Pbar. Weyer's
derivation of this relatfonship s based essentfally upon the
applicatfon of the Mass Conservation Principle across the
throttle plate shown in Figure 4-27, and is fully detailed in
£341.

Having measured the unsteady pressure downstream of the
test turbine, we can now time average f{t erectly. Next, we
can use the same time-resolved signal to calculate Pbar from
Equation 4.2, with the result shown in Figure 4-28 [35). For
this calculation, the pressure signal from the XCQ-062
pressure transducer {s employed with averaging done over each
blade'passing cycle. The difference between Pbar and the
correct time-averaged sfignal, Pavg, is also shown in Figure
4-28. Thefr difference 1s seen to fluctuate between + 2.4X,
with a mean difference of -#.4X.

A streamline curvature program gives for the turbine
temperature and pressure ratios #.7699 and g.2591,
respectively, at 109X corrected speed. With these ratios and
1.3 for the test gas ratio of specific heats, we can use
Equation 4.1 to calculate the ¢turbine adtabatic efficiency.
The result 1{1s 86.0X%. Using the maximum difference between
Pbar and Pavg, we see that errors of 1.25 points in adtabatic

efficiency are possible. Realistfcally, though, the error
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associated with the mean pressure difference §s more likely to
be realized. This error 1s only 9.25 points in adiabatic
efficiency. It seems small, but is actually significant given

the high premium on turbine adiabatic efficiency.

4.3.2 Euler Turbine Equation

The Euler turbine equation describes the energy transfer
process {in turbomachines and fs obtained by equating the
energy and momentum equations via the +turbine power and
torque. For the case of steady, two-dimensional, axisymmetric
flow the Euler turbine equation takes the following form with

the velocity trifangle paramters defined in Table 4-2:

cpd T4 - ¢cp3 T3 = w (r4 Vo4 - r3 Vo3) £4.31

where cp is the gas specific heat (a function of temperature),
T the gas total temperature, w the rotor rotational speed, r
the streamtube radius (which may shift with passage through
the blade row), and Vo the tangential flow velocity. Stations
upstream and downstream of the turbine rotor are denoted by 3
and 4 respectively.

We can redefine the rotor speeds, wr3 and wré4, and
tangentfal flow velocities, Vo3 and Vo4, in Equation 4.3 in

terms of Mach number:

Mtip (y3-l) rd

wr 4 = rtip [4.4]

<3 3 ,‘ y3 R T3
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Vo3 = M3 sin93 Yy3 R T3 £4.5]
: §
(1 + yaz W)
2
Ved = M4 sinB4 ly4 R T4 £4.61

1+ ya-1 M)
(1 + vtz wé)

where M fs the Mach number based on the loca)l gas temperature,
R the gas constant, and v the ratio of specific heats. The
blade tip Mach number, Mtip, 1{s based on the vane 1{inlet

condftions. Incorporating these into Equatfon 4.3 ylelds:

Mtfp (¥3-1) r3 M3 sine3
14 = reip [4.7)

1'%%‘3"3’ (1+‘_3_E_1M31>VZ

+ Mtip (ya-l) r4 M4 sino4 l;lr,%
rEl

P

(1 * ydsl M4’~>‘/2-'

for a given set of flowffield conditfons, the first term

fn the right hand side of Equation 4.7 can .be considered a
constant; the second a constant times the square root of the
temperature ratfo. After some manipulation, the equation can
be reduced to the quadratic form from which the temperature

ratio, T4/T3, s readfly calculated. Clearly, we see the

''''''''
.......
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turbine temperature ratio Is a functlon of rotor speed, fnlet
and exit flow angle, and inlet and exit Mach number.

We can predict the rotor exit temperature profile with
Equation 4.7 by using the Mach number and tangential flow
angle measured by the angle probe. Unfortuneately, no vane
exit measurements were taken, so the rotor inlet Mach number
and tangential angle must be determined and {nput. These
values, given 1{in Table 4-2, are obtained with a streamline
curvature program, input directly, and held csonstant.

The result of this calculation, the Euler total
temperature ratio, is shown {n Figure 4.29 along with the
total pressure rattfo measured by the angle probe. The Euler
temperature profile varties at the blade passing frequency,
unlike the measured profile which varies at twice that
frequency. The amplitude of each {s roughly the same, but the
Euler profile is DC shifted upward 20X from the measured
values. Finally, and again unlike the measured temperature,
the Euler temperature ratfo varies roughly in phase with the
pressure ratfo, with the lowest total temperature occurring
approximately with the lowest total pressure, These
discrepancies are only noted and not analyzed further iIn this
thesis. Their occurrence, however, s not surprising since
the Euler turbine equation as derived only applies to steady,

two-dimenstonal, axfsymmetric flow.
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CHAPTER 5
THE CONCLUSIONS
Time-resolved flowfield measurements have been
successfully taken in the MIT Turbine Blowdown Factility. The
properties measured include total temperature, total pressure,
static pressure, Mach number, and tangential flow angle. The
original objectives were: to measure the blade-to-blade total
temperature proftle for subsequent comparision with a
prediction by the Euler turbine equation; to determine the

effect of wusing time-averaged pressures to calculate turbine

performance; and to provide a complete set of time-resolved
turbine stage data. No time-resolved turbine data are
currently available 1In the 1iterature. A preliminary

objective was to determine the frequency response of the
instrumentation employed to make the flowfield measurements.
With these objectives 1n mind, the major results and
conclusions of this thesis are now summarized.

First, we found the shock tube to be an easily
implemented tool fo. Investigating instrumentation frequency
response characteristics. In particular, for the TBF test
gas, the aspfrating probe was found to have a natural
frequency of 15.5 kHz with a damping ratio of #.35. The angle
probe was found to have a rise time of 5 psec with a settling
time of 18 usec. These characteristics of the aspirating
probe and angle probe were satisfactory for attempting
flowfield measurements in the turbine facility.

Second, the TBF and 1{its complement of high-frequency

response fnstrumentation allowed for detatled flowflield
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measurements in a rigorously scaled test environment. As
ment ioned above, time-resolved measurements of total

temperature, total pressure, static pressure, Mach number, and
tangential flow angle were successfully obtained.

Third, the time-resolved pressure measured with a Kulite
XCQ-062 pressure transducer was employed to 1{nvestigate
turbine performance calculations,. Specifically, errors
assocliated with wusing the time-averaged pressure from a
standard pitot probe, instead of the true time-average, were
shown to be on the order of 9#.25 to 1.25 points in adiabatic
efficiency.

Finally, the turbine exit total temperature was
calculated using the Euler turbine equation In conjunction
with the tangentfal angle and Mach number from the angle
probe. The predicted proffile varied only at the blade passing
frequency, unlike the measured profile which had a
characteristic frequency of twice blade passing. Further, the
predicted profile was DC shifted upward 10X, although its

peak-to~peak temperature change was roughly the same as that

measured.
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(a) Rotor Wakes in Stator {b) Velocities into Stator

Figure 1-1A: Schematic of Compressor Stage Showing Rotor
Wake in Stator [2]

Figure 1-18B: Schematic of Turbine Stage Showing Vane Wake
in Rotor
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RSPIRATING PROBE CALIBRATION/PREDICTION

V2 = [ (PT/SQRT {TT)) nxNxC+DI (TH-RxTT)

PAGE 1891

CALIBRATED O
NPTS = 11 LENGTH = 11,2700 MH
OHR = 1.80 OIRAMETER = 0.0051 MM
A2S = 2.98 OHMS C CAL = 0.318%02
7107 = 321.7 K D CAL = -0.026833
THIRE = 491.1 K N = 0.30
XFREQON = 0.5107 S0 = 0.23 C
PREDICTED A (FLUID PROPERTIES UNCORRECTED)
NPTS = 11 LENGTH a 1,2700 MH
OHR = 1,80 DIAMETER = 00,0051 MM
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Figure 2~5A: Prediction of Aspirating Probe Calibration

Data With Uncorrected fFlufd Properties,

Overheat Ratio = 1.8
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ASPIRATING PROBE CALIBRATION/PREDICTION
Vix2 = [ (PT/SQRT (TT)) mxNxC+DJ (TH-RxTT)
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CALIBRATED O
NPTS = 11 LENGTH = 11,2700 MM
OHR = 2,00 DIAMETER = 0.0051 MM
R2S = 3,27 OHMS C CAL = 0.285529
17107 = 321.7 K D CAL = -0.029117
THIRE = 539.4 K N = 0.30
XFREON = 0.5107 SO = 0.4y C
PREDICTED A (FLUID PROPERTIES UNCORRECTED)
NPTS = 11 LENGTH = 11,2700 MM
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Figure 2-58: Prediction of Aspirating Probe Calibration
Data With Uncorrected Flufd Properties,
Overheat Ratio = 2.8
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ASPIRATING PROBE CALIBRATION/PREDICTION

4,75

Vux2 = C(PT/SQRT (TT) ) »uNeC+DI(TH-RxTT)
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CALIBRATED O

NPTS = 11 LENGTH = 1.2700 MM

OHR = 1.80 DIAMETER = 0.0051 MM

R2S « 2,98  OHMS € CAL = 0.318502

TT0T = 321.7 K D CAL = -0.026833

TWIRE = 491.1 K N = 0.30

XFAREON = 0.5107 SO = 0.23 C
PREDICTED A (FLUIO PROPERTIES CORRECTED - K ANO MU)

NPTS = 11 LENGTH = 1.2700 MM

OHR = 1.80 DIAMETER = 0.00S1 MM
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Figure 2-5C: Prediction of Aspirating Probe Calibration
Data With Corrected Fluid Properties,
Overheat Ratio = 1.8
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© Yuw2 & C(PT/SQRT (TT)) mxNxC+DI (TH-RAxTT)
CALIBRATED O
NPTS = 11 LENGTH = 1.2700 MM
OHR = 2.00 DIAMETER = 0.0051 MM
R2S = 3,27 OHHKS C CAL = 0.285529
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Qverheat Ratio = 2.0
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Figure 2-6: Aspirating Probe Combined Caltbration
Map (from (181])
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